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PHYS 6751 Laboratory: “7Au(n,y) Cross Section Measurement via y-Spectroscopy

Lab overview:

e Objective: Measure the radiative neutron-capture cross section of 7 Au by irradiating gold
powder with a neutron howitzer and counting radioactive decays from ®Au using a
sodium-iodide y-detection set-up, comparing the result to calculations performed with the
software TALYS and previously published data

* Guain familiarity with: neutron activation, y calibration sources, y-spectroscopy, Hauser-
Feshbach cross section calculations, the EXFOR database from the National Nuclear Data
Center

® Report style: Physical Review Letters (PRL)

Brief description:
Radiative neutron-capture reactions play a key role in low-energy nuclear physics. These
reactions have been employed for nuclear mass measurements and nuclear structure studies,
and are the primary means by which nearly half of the elements in the universe were made.
Activation measurements, where radioactive decay from target material is monitored after a
period of target irradiation, are often the go-to technique for measuring (n,y) reaction cross
sections, so that sensitive y-detectors can safely be used far from the damagingly high neutron
flux.

In this experiment, we will use a strong neutron source to irradiate a sample of Au over a
period of days to generate a significant amount of ¥8Au. Following irradiation, a sodium-
iodide (Nal) counting set-up, which must be calibrated with y-sources, will be used to detect
y-decays from the gold sample in order to determine the amount of "*#Au which was made.
Using an estimate for the incident neutron flux, the ¥ Au{n,y} cross section will be
determined. This cross section will be compared to calculations performed with the Hauser
Feshbach code Talys, as well as previous measurement data. Additional tasks include
determining the contamination of the *”Au sample using a germanium detection set-up.

Expectations for Run-plan:

The run-plan should consist of time-saving calculations and an order of operations. For
instance,

* What is the expected decay energy for '*®Au and what background lines are nearby?

¢ How will the data analysis be performed? {e.g. peak-fitting, background subtraction)

¢ How will the cross-section calculation be performed?

* How will the efficiency and energy-calibration of the y-detection set-up be determined?

¢ What is the experiment order-of-operations? (e.g. What measurements do we need to
take? What is the bias voltage for our detectors?)
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* What is the expected cross section for thermal neutrons? (Data or calculation results)

¢ Given a nominal mass of gold (e.g. 1 gram) in a powder and a nominal flux of thermal
neutrons (e.g. 107 per cm? per second), how many reactions do we expect to occur?

* How long do we need to perform the irradiation?

» ._.of course, other preparatory notes are welcome, so long as they’re useful!

NOTE: The above examples are suggestions. Please do not feel obligated to have all of them
done prior to the lab start. You will be working in a group, so with any luck your partners
will have prepared for some different portions of the lab.

Expectations for Lab Report:

The lab report should be a publication-quality paper typeset in the style of Physical Review
Letters. As such, it should include an exciting motivation for the measurement, emphasizing
the scientific advance this measurement represents. This should be followed by a concise
but comprehensive description of the experimental and analysis technique, followed by a
comparison to prior data and/or calculations. Finally, the impact of the measurement should
be discussed; generally this describes what problem has been solved or what the future
applications will be.

The reports will be written individually, but your group members should appear as co-
authors on the paper. As such, you are free to share calculations and plots. In fact, sharing in
this sense is expected, as this is how real experiments work. However, all writing must be

yOour owr.

NOTE: It is quite possible that the lab contains more work than you could possibly get done
during the experiment time allotted. This is OK, as I don’t expect you to necessarily
complete every single task. However, a reasonable amount of work must be completed and
that work must be thoroughly described in an articulate way.

WARNINGS:

*» Be careful with the bias voltage

o Don't electrocute yourself

o Don’t exceed the maximum bias voltage for the detector

o Don't touch the high-voltage supply cables or the detector when the bias voltage is on
* Be careful with the y-sources and the activated gold sample

o Only handle with gloves

o Never touch the surface of the y-source to any other surface

o Report any incidents (e.g. dropped the source) immediately to Zach Meisel or Tom

Massey or Carl Brune

e If you aren’t sure, ask!
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Appendices

Electronics set-up for Nal

Nal data acquisition instructions

% Au y-decay spectrum
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13. Information on typical gold impurities
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15. Comments on vy interactions in matter
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Pre-Defined Histograms

vector | histogram name | type cominent
0 gaml 1D energy of Nal 1
1 gam?2 1D energy of Nal 2
2 gtac 1D | time between Nal 1 and Nal 2
3 gl t 2D time vs. gam1
4 g2t 2D time vs. gam2
5 —glg2 2D gam2 vs. gaml
10 gll = =#% 1D | gaml cond. = gate 0 - gate 1

11 _ g2l +: = 1D | gam2 cond. = gate O - gate 1
12 gl2z #5321 1D | gaml cond. = gate 0 - gate 2
13 g22 1D | gam2 cond. = gate 0 - gate 2
14 gl3 1D | gaml cond. = gate 0 - gate 3
15 823 1D | gam2 cond. = gate 0 - gate 3
A VAN
TO SET GATES:  ,p. ¢ 4 e

Use the command “gate i limio limhi”

Here ¢ is the gate number (0,1,2) and the lower and upper limits are given
by {zmlo and limhsi, respectively.

TO RUN FOR A FIXED TIME DURATION

Use the command “time” to set the time duration in seconds.

Use the command “run” to run the DAQ system for this duration.



Four-Input Multi-Channel Analyzer

The “home-made” multi-channel analyzer consists of 4 “sample-and-hold” units that can
measure the amplitude of an input signal and hold this amplitude (0 to 10 volts) until
it is digitized by a single fast-successive approximation analog-to-digital converter {ADC).
The digitized data are stored in a first-in-first-out (FIFO) buffer after averaging out the
differential non-linearity of the ADC’s, providing a very linear response (this is referred to as
channel width averaging). The unique feature of the buffered data is its sequenced storage
as input 0 to input 3, which allows the four input channels to be analyzed separately within
the time resolution of the analyzer. The data can then be saved for later analysis or plotted
for on-line observation.

The computer interrupt routine (the controlling program of the Data Acquisition system, or
DAQ) also allows the user to set gates. In the v — v coincidence interrupt, the gates sort the
data on-line, i.e. as it is being acquired. The gates are pre~defined (in the ugli interrupt)
as follows:

Gate 0 : The coincidence time overlap of the two Nal signals from the output of the time-
to-amplitude converter {TAC). This spectrum is called gtac.

Gate 1: Set on the gam2 spectrum to identify the 0.511 MeV gamma ray peak of #Na.
Gate 2: Set on the gam2 spectrum to identify the 1.275 MeV gamma ray peak of 22Na.

Differential non-linearity: Ideally any two adjacent digital codes correspond to output
analog voltages that are exactly one LSB apart. Differential non-linearity is a measure of
the worst case deviation from the ideal 1 1.SB step. Ideally one should expect that if the
detector is irradiated by a sufficiently homogeneous source, then the number of counts in each
ADC pixel is linearly proportional to the size of the pixel. To put it differently, the relative
deviation from the average size of the pixels is a measure for the differential non-linearity.



TO SAVE DATA

1). At the DAQ prompt enter the subdirectory where you want the data to
be stored. The subdirectories are created on /home/ugll/data. You carry
out this process by defining a “disk number” via the command: disk #.
This will create the subdirectory /home/ugll/data/disk# where all of the
histograms will be saved. You should choose a number that does not vet
exist.

2). At the DAQ prompt enter the starting label (called a “tag”) for the
histogram set. Use the command: tag #.

3). At the DAQ prompt type sav to save all histograms.

TO RECOVER THE DATA FOR PLOTTING

1). Clear out all histograms already in memory with the command: clear *

2). At the DAQ prompt use the script command review. This will load all
histograms in the defined disk area starting with the defined tag number.

3). Note that individual histograms can be printed using the on-screen
“print” button.
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File: IPL.daq (also called setup.daq)

define
define
define
define
define
define
define
define
define
define
define
define
vector
vector
vector
vector
vector
vector
vector
vector
vector
vector
vector
vector

gaml 1024

gam2 1024

gtac 1024

gl _t 4096 type 1
g2_t 4096 type 1
gi_g2 4096 type 1
gll 1024

g21 1024

g12 1024

g2z 1024

g13 1024

g23 1024

0 gami 1024

1 gam2 1024

2 gtac 1024

3 gl _t 4096

4 g2_t 4096

5 gl_g2 4096

10 g11 1024

11 g21 1024

12 g12 1024

13 g22 1024

14 g13 1024

15 g23 1024

loadint ugli

t0 10
gate O
gate 1
gate 2
gate 3

Note: ugll is one of the many interrupt routines in int8.c (so it acts like a subroutine).

280 330
145 180
285 335
380 455



Interrupt Routine: ugll

#include <dos.h>
#include <bios.h>
#lnclude <stdio.h>
#include <ounal.h>
#include <signal.h>
#include <conio.h>
#include <stdlib.h>
#include <time.h>
#include <string.h>

char oual_system _name[l = "UGL Gamma-Gamma_Coinc 27 March 1996\n"; #/

/* gammal energy signal applied to aded

* gamma? energy signal applied to adcl

* coincidence tac signal applied to adc2
* vector 0 = gaml

* vector 1 = gam2

* vector 2 = gl-g2 tac

* vector 3 = gaml_coinc 24

* yector 4 = gam2_coinc 24

¥ vector 5 = gaml_gam® 2d

* vector 10 = gaml gated

* vector 11 = gam2 gated/

extein int oual_event_flag;
void ugl_int(void)

{
unsigred gl,g2,gl2t,flag;
unsigned gl_g2,g1.t,22_%;

databufferptr = (struct databuffer *) shuptr;
databufferptr->dav = 1;
if (databufferptr->nevents <= 0) goto ret; //return;

if(oual_anal == 0) goto ret;

cual_lastadc=-1;
olindex=0;

while(databufferptr->nevents— > ()

{if ({((oual_rawdata=databuiferptr->datalouindex++]} & 0z8000) == 0) /% is data present */f

{if (oual_anal == 0) gote ret;
oial_adcdata=¢iial rawdata & OXfff;
cual_adcnumber=(oual rawdata & 0x3000) >> 12;
if (oval_adcnumber == )
{g1 = oual_adcdata;
oual_lastade = §;
histogram(0,gl);}
if ({oual_adcoumber == 1} && {(oual_lastadc == 0))
{g2 = oual_adcdata;
cual_lastadec = 1;
histogram(l,g2);
gl_g2=((((g2 & Oxfc0) << 8) | gl1) >> 8);
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histogram(5, gl_g2):}

else if (oual_adcnumber == 1)
{histogram(l,oual_adcdata);
oual_ lastadc = -1;}

if ({ocvpal_adcnumber == 2) && (ounal_lastadc == 1})
{g12t = oual_adcdata;
histogram(2,gl2t);

gl t=({((g12t & Oxfc0d) << 6) | gl) >> 6);

histogram(3, gl_tJ);

g2_t=(({{gl2t & 0zfcQd) << 6) | g2) >> 6):

histogram{4, g2_t);

if((checkgate{1,1,g2) == 1) && (checkgate(0,2,g12t)

{histogram(i0,gi);
histogram{11,g2);}

if((checkgate(2,1,g2) == 1) &k (checkgate(0,2,gi2t)

{histogram{12,g1);
histogram(13,g2):}

if ((checkgate(3,1,82) == 1) && (checkgate(0,2,g12t)

{histogram{i4,g1);
histogram{15,g2);}
oual_lastadc = -1;}
else if (ouval, adcnumber === 2)
{histogram(2,onal_adcdata);
oual_lastadc = -1;}

}

rek:

databufferptr->nevents = 0;

databufferptr->dav = 0; /* set no data available */
return;}

1)

== 1))

1)
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Application of BGO Scintillators to Neutron Capture Cross Sections 819

Yg(E) is unity ss mentioned above. In the case of Sh,
since it alzo has a large capture width at 6.3eV reso-
nance and the ratio of capture-to-neutron width is suffi-
ciently large, the saturated yield method can be applica-

‘ble. Then, the detection efficiency egy, and the capture

yield Yg,(E) for Sb could be derived through Eqgs.(8) to
{9) as same as Au sample. In this measurement, the de-
tection efficiency eg, was determined to be 0.91.

4. Correction for Capture Yield

For the capture cross section measurement, capture
yield is the primary quantity to be determined from the
numnber of capture events occurring in the sample. The
neutron capture yield is given as

— {1 _ oNau(EX 0_c(£)_

Y(:(E)"‘(l € )a't(E)fc, (10)
where IV is the atomic density of sample material, o; the
neutron total cross section, ¢ the sample thickness, o,
the neutron capture cross section, and f. the correction
factor for nentron scattering in the sample. When ¢ is
thin enough, Eq.(10) can be written as

Y.(E) = Na(E)t. (11)

In the neutron capiure cross section measurement,
the effect of single and multiple neutron scattering
the sample is quite important in determining a capture
cross section. This effect, which increases the effective
thickness of the sample relative to geometrical thickness
in the direction of the incident neutrons, must be consid-
ered in a capture cross section measurement in which the
total number of capture events in a sample is measured.
In the present work, we have made a Monte Carlo code
to simulate the neutron capture and multiple scattering
events in the sample and to carry out the corrections.
The correction factor f. was 0.975 to 0.985 for Au, and
0.965 to 0.971 for Sb. Then, the cross sections for the
197 Au(n, v) and Sh{n, 7) Teactions were derived from the
corrected yield data for the present measurements.

V. RESuLTS OF CAPTURE CROSS
SECTIONS

The results of Au are given in Fig. 4. Table 1
also shows the comparison of mean cross sections in the
present work with those in ENDF/B-VI and JENDL
Dosimetry File: The statistical uncertainties are about
0.3% to 1.5%. Other uncertainties are due to detection
efficiency of about 1.5% for the 1°B sample measurement
and 1.8% for the Au sample measurement, sample thick-
ness of about 0.5% and correction for capture yield of
about 0.3%. The present result is in good agreement
with the evaluated data in JENDL Dosimetry File and
ENDF/B-VL It could be considered that in the energy
range below 10eV the BGO detection system can be
verified to be applicable to the absolute measurement
of capture eross sections by detecting prompt capture
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Fig. 4 Capture cross section for
the 7 Au{n, v) reaction.

Table 1 Comparison of mean values of the 7 Au(n, v}
cross section from the present werk with those
from ENDF/B-V] and JENDL Dosimetry File

Energy range ENDF/B-VI JENDL-DF  Present

(eV) (barn) (barn) (barn)
0.0134-0.0213 119.7 117.7 117.7+2.9
0.0213-0.0338 95.4 95.8 94.142.3
0.0338-0.0538 76.1 76.2 75.74:1.8
0.0538- 0.0855 60.9 61.0 61.2+1.5
0.0855-0.136 49.1 49.2 49.441.2

0.136-0.217 39.9 39.9 40.311.0
0.217-0.347 32.9 32.8 334408
0.347-0.564 27.9 27.7 28.3:£0.7
0.554 - 0.886 248 24.5 25.3+0.7
0.886-1.438 24.1 23.6 24.740.6

~-rays using the linac TOF method.

For the Sb measurement, statistical errors are about
1.0% to 4.5%, and the total uncertainties are from 2.6 to
5.1%, including the error of detection efficiencies, sample
thickness and correction of capture yield. The measured
result is shown in ‘Fig. 5 and Table 2, and compared
with the evaluated data in JENDL-3.2 and ENDF/B-VL
The present result shows good agreement with the data
in JENDL-3.2 and ENDF/B-VL.

Since the resonance parameters have not been ob-
tained in the present measurement, the capture cross
sections in the resonance region are not corpared in Ta~
bles 1 and 2.

V. CONCLUSION

The present study can be concluded as follows:
(1) Making use of BGO scintillators, a total energy
absorption y-ray detection system was prepared for
the absolute measurement of capture cross sections
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Fig. 5 Capture cross section for the Sb(n,v) reaction.
Table 2 Comparison of mean values of the Sh(n,v)

cross section from the present work with
those from ENDF/B-VI and JENDL-3.2

Energy range ENDF/B-VI JENDL-3.2  Present

{eV) (barn) (barn) {barn)
0.0134-0.0213 6.62 6.35 6.31+0.18
0.0213-0.0338 5.28 5.05 5.00+0.13
0.0338-0.0538 4.18 4.01 4.05+4-0.10
0.0538-0.0855 3.33 3.20 3.303:0.08
0.0855-0.136 2.66 2.55 2.6410.07
0.136-0.217 213 2.04 2.104+0.06
0.217-0.347 1.71 1.65 1.67+0.05
0.347 - 0.554 1.40 1.35 1.34::0.05
0.554- 0,886 117 1.13 1.144-0.04
0.886-1.438 1.01 0.98 0.984:0.03
1.438-2.344 0.96 0.94 0.951+0.03

below 10eV using the linac TOF method. It is
necessary for this absolute measurement that sam-
ples have an appropriate resonance for the saturated
yield method.

{2) This detection system was firstly calibrated with
a Sm sample for thermal neutrons. After that, the
R sample was employed to determine the absolute
neutron flux from thermal to higher neutron ener-
gies by the *B(n, oy} reaction.

(3) The detection system was applied to the absolute
measurement of the %7 Au(n,y) reaction eross sec-
tion which was one of the well known cross sections
as a standard. The measured result showed satisfac-
tory agreement with the evaluated data in JENDL
Dosimetry File and ENDF /B-VI.

(4) To extend the application of the BGO detection
system, Sb was selected as a sample, which has a

S. YAMAMOTO et al.

large scattering-to-capture cross section ratio. The
measured result showed good agreement with the
evaluated data in JENDL-3.2 and ENDF/B-VL

{5) From above results, it could be verified that the
BGO detection system s applicable to the absolute
measurement of capture cross sections below 10eV
except resonance energy region,

It can be expected in future that the BGO detec-
tion system is applicable to the absolute measurement
of some other capture cross sections as a total energy
absorption detector.
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What is TALYS?

- TALYS is software for the simulation of nudear reactions. Many state-of-the-art
nuclear models are included to cover alt main reaction mechanisms encountered
irt light partide-induced nuclear reactions. TALYS provides o complete description

. of alf reaction channels and observables, and is user-mendly.

. TALYS is a versatile toolto analyse basic microscopic experiments and to
generate nudear data: for applications.

TALYS is created abt RG in Petten, the Nethierdands, and CEA in Bravéres:
le-Chitel, France, and is avatlable free of charge.

Schematic iustration of an- {n, 20} reaction on a tiucteis
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Chapter

Input description

For the communication between TALY'S and its users, we have constructed an input/output method which
shiclds beginners from all the possible options for nuclear model parameters that can be specified in
TALYS, while enabling at the same time maximal flexibility for experienced users.

An input file of TALYS consists of keywords and their associated values, Before we list all the
input possibilities, let us illustrate the use of the input by the following example. It represents a minimum
input file for TALYS:

ﬁgé’\ T WW\W% :

projectile n "?1&173 < LPJ?E}QN&N» C}ME’?% M‘xw\@

element al
mass 27
energy 14. '}/sd' Sﬁa{ }{‘7 ﬂ%‘t

This input file represents the simplest question that can be asked to TALYS: if a 27 Al nucleus is hit by 14
MeV neutrons, what happens? Behind this simple input file, however, there are more than a few hundred
default values for the various nuclear models, parameters, output flags, etc., that you may or may not
be interested in. When you use a minimal input file like the one above, you leave it to the authors of
TALYS to choose all the parameters and models for you, as well as the level of detail of the output file.
If you want to use specific nuclear models other than the default, adjust parameters or want to have more
specific information in the output file(s), more keywords are required. Obviously, more keywords means
more flexibility and, in the case of adequate use, better results, though often at the expense of increasing
the level of phenomenology. In this Chapter, we will first give the basic rules that must be obeyed when
constructing an input file for TALYS. Next, we give an outline of all the keywords, which have been
categotised in several groups. Finally, we summarize all keywords in one table.

151



152 CHAPTER 6. INPUT DESCRIPTION
6.1 Basic input rules

Theoretically, it would be possible to make the use of TALYS completely idiot-proof, i.e. to prevent the
user from any input mistakes that possibly can be made and to continue a calculation with “assumed”
values. Although we have invested a relatively large effort in the user-friendliness of TALYS, we have
not taken such safety measures to the extreme limit and ask at least some minimal responsibility from the
user. Once you have accepted that, only very little effort is required to work with the code. Successful
execution of TALY'S can be expected if you remember the following simple rules and possibilities of the
input file:

1. One input line contains one keyword. Usually it is accompanied by only one value, as in the simple
example given above, but some keywords for model parameters need to be accompanied by indices
(usually Z and A) on the same line.

2. A keyword and its valoe(s) must be separated by at least 1 blank character.

3. The keywords can be given in arbitrary order. If, by mistake, you use the same keyword more than
once, the value of the last one will be adopted. This does not hold for keywords which are labeled
with different 7 and A indices, see the beginning of Section 6.2.

4. All characters can be given in either lowercase or uppercase.

5. A keyword must be accompanied by a value. (There is one exception, the rotational keyword). To
use defauit values, the keywords should simply be left out of the input file.

6. An input line starting with a # in column 1 is neglected. This is helpful for including comments
in the input file or to temporarily deactivate keywords.

7. A minimal input file always consists of 4 lines and contains the keywords projectile, element,
mass and energy. These 4 keywords must be given in any input file.

8. An input line may not exceed 80 characters.

As an example of rules 2, 3, 4 and 6, it can be seen that the following input file is completely equivalent
to the one given in the beginning of this Chapter:

# Equivalent input file
energy 14.
projectile n

mass 27

Element AL

#outbasic ¥

In the following erroneous input file, only the first 2 lines are correct, while rules 2 and 5 are violated in
the other lines.
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projectile n
element al
mass27
energy

In cases like this, the execution will be stopped and TALYS will give an appropriate error message for the
first encountered problem. We like to believe that we have covered all such cases and that it is impossible
to let TALY'S crash (at least with our compilers, see also Chapter 7), but you are of course invited to prove
and let us know about the contrary (Sorry, no cash rewards). Typing errors in the input file will be spotted
by TALYS, e.g. if vou write projjectile n, it will tell you the keyword is not in our list.

6.2 Keywords

The four-line input file given above was an example of a minimum input file for TALYS. In general, you
probably want to be more specific, as in the following example:

projectile n

element nb
mass S3
ENergy 1.
Ltarget 1
relativistic n
widthmode 2

cutinverse 0%
a 41 93 13.115
a 41 94 13.421

which will simulate the reaction of a 1 MeV neutron incident on **Nb, with the target in its first ex-
cited state (Ltarget I, a 16-year isomer), using non-relativistic kinematics, the HRTW-model for width
fluctuation corrections (widthmode 2) in the compound nucleus calculation, with the particle transmis-
sion coefficients and inverse reaction cross sections written on the output file (outinverse y) and with
user-defined level density parameters a for “*Nb and *4Nb.

In this Section, we will explain all the possible keywords. We have classified thermn according to
their meaning and importance. For each keyword, we give an explanation, a few examples, the default
value, and the theoretically allowed numerical range. As the input file above shows, there is usually one
value per keyword. Oflen, however, in cases where several residual nuclides are involved, nuclear model
parameters differ from nuclide to nuclide. Then, the particular nuclide under consideration must also be
given in the input line. In general, for these model parameters, we read keyword, Z, A, a physical value
and sometimes a possible further index (e.g. the fission barrier, index for the giant resonance, etc.), all
separated by blanks. As the example above shows for the level density parameter a, the same keyword
can appear more than once in an input file, to cover several different nuclides. Again, remember that
all such keywords, if you don’t specify them, have a default value from either the nuclear structure and
model parameter database or from systematics. The usual reason to change them is to fit experimental -
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data, to use new information that is not yet in the TALYS database, or simply because the user may not
agree with our default values. A final important point to note is that some keywords induce defaults for
other keywords. This may seem confusing, but in practice this is not so. As an example, for a Fe
target the fission keyword is automatically disabled whereas for 232Th it is by default enabled. Hence,
the default value of the fission keyword is mass dependent. In the input description that follows, you will
find a few similar cases. Anyway, you can always find all adopted default values for all parameters at
the top of the owurput file, see which values have been set by the user or by default, and overrule them in
a new input file.

6.2.1 Four main keywords

As explained above there are 4 basic keywords that form the highest level of input. They determine the
fundamental parameters for any nuclear reaction induced by a light particle.

projectile

Eight different symbols can be given as projectile, namely n, p, d, t, h, a, g representing neutron, proton,
deuteron, triton, *He, alpha and gamma, respectively, and 0, which is used if instead of a nuclear reaction
(projectile + target) we start with an initial population of an excited nucleus.

Examples:

projectile n

projectile d

Range: projectile must be equal ton, p,d, t, h,a, g or 0.
Default: None.

element

Either the nuclear symbol or the charge number Z of the target nucleus can be given. Possible values for
element range from Li (3) to C4 (124). To accomodate target nuclides with Z > 110 the element names
are defined as follows: Rg(111), Cn(112), FI{114) and Lv(116), B3(113), B5(115), B7-9(117-119), CO-
4(120-124). Obviously the symbols, for Z=113,115 and above 116 will be changed when official names
are assigned to them.

Examples:

element pu
element 41
element V

element B3
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Range: 3 < element < 124 or Li < element < C4.
Default: None,

mass

The target mass number A. The case of a natural element can be specified by mass 0. Then, a TALYS
calculation for each naturally occurring isotope will be petformed (see also the abundance keyword, p.
173), after which the results will be properly weighted and summed.

Examples:

mass 239

mass 0

Range: mass 0 or 5 < mass < 339. The extra condition is that the target nucleus, i.e. the combination
of mass and element must be present in the mass database, which corresponds to all nuclei between the
proton and neutron drip lines.

Defauls: None,

energy

The incident energy in MeV. The user has four possibilities: (1) A single incident energy is specified in
the input as a real number, (2) A filename is specified, where the corresponding file contains a series of
incident energies, with one incident energy per line. Any name can be given to this file, provided it starts
with a character, and it is present in your working directory. Option (2) is helpful for the calculation of
excitation functions or for the creation of nuclear data libraries. Option (2) is mandatory if projectile
0, i.e., if instead of a nuclear reaction we start with a population of an excited nucleus (see the Special
cases below). Since TALYS-1.6, there are an additional 2 options which allows to use a whole range
of incident energies without having to make a file for this: (3) A filename that is predefined by TALYS.
This contains a hardwired energy grids with for example for neutrons a finer energy grid at low energies
and a progressively wider grid at high energies. These have the form pE-E. grid where p is the name
of the projectile, and the two £’s are the start and end energy in integer form respectively. The .grid
specifies that this concerns a predefined energy grid. An often used example is #0-200.grid which is the
neutron energy grid of the TENDL library. More energies are used in the eV and keV range while at high
energies automatically a course grid-is used. With the file n0-20.grid exactly the same incident energy
grid is used, but only up to the final energy of 20 MeV. Finally, option (4) is to give afler the energy
keyword 3 numbers: the starting energy, the end energy and the energy step. Next, an equidistant grid is
made based on these 3 numbers.

Examples:

energy 140.

energy 0.002
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energy range
energy n0-30.grid
energy pl10-100.grid

energy 0.5 20. 0.5 (Incident energies: 0.5, 1, 1.5, ...20 MeV)

Range: 10711 MeV < energy < 1000 MeV or a filename, whereby the corresponding file contains at
least 1 and a maximum of numenin incident energies, where numenin is an array dimension specified
in talys.cmb. Currently numenin=500.

Default: None.

Using the four main keyweords

To summarize the use of the four basic keywords, consider the following input file

projectile n
element pd
mass 110
energy range

The file range looks e.g. as follows

L5 I OV

w NP RSO0
f . . . . . . .
4]

fary
o

15.
20.

In the source code, the number of incident energies, here 11, is known as numine. For the four-line input
given above, TALYS will simulate all open reaction channels for n + "'°Pd for all incident energies given
in the file range, using defaults for all models and parameters. The most important cross sections will
automatically be written to the output file, see Chapter 7.

Special cases

There are two examples for which the energy keyword does not represent the incident energy of the
projectile.
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All_Sources

ht. Isotope Products Lab. .-

128 241E4y 1811891

C2HIE4Y
10.4 mg 22.5 On foan U-23% Fission chambers. Foils contained in 7
131 U-235 7.04E8y 8/17/1981 7.04E8 ¥ nCi coffee cans.” Foils in plexiglass cases with screws. J
9.7 mg 20,9 Onjpan L-235 Figsion chambers P enrichment for
132 U-235 7.04E8y 8/17/1991 T.04E8 vy nCi fols 3, P, S and T (U-235) is 23.0%
10,2 mg 223
133 u-235 7.04E8 y 8/27/1991 7.04E8 Y nCi On loan U-235 Fission chambers S
. 11.7 mg 253
134 U-235 7.04E8 y 8/17/1891 T.04E8Y nCi On loan U-235 Figsion chambers T Fl-' 0
12.0m 4,32
135 U-238 4.4TE9 y 8/17/1891 4.47E9 y 9 nCi On loan U-238 Fission chambers K natural uranium -E“'\S
11.1 me 3.73
136 u-238 44T7ES ¥ 8/17/1981 A4ATES Y 9 nGCi On loan U-238 Fission chambers L natural uranium
7.4 mg 2.49 )
137 U-238 447ER Y 8f17/1691 4ATEQ Yy nCi On lean U-238 Fission chambers M natural uranium
13.0m 4.37
138 U-238 4 47E9 Y 8/27/1991 44769y s nCi On loan U-238 Fisson chambers O natural uranium
On loan U-238 Fission chambers -210  enrichment is \
139 u-238 4.4TES ¥ 12/20/1991 4,47E8 Y 1.18 mg 0.39 nCi slightly above riatural uraniurn {U-238) at 2.24 %
On logn U-235 Fission chambers -5-4  enrichment is H
140 U-235 7.04E8 ¥ 12/20/1981 7.04E8y 364 1g 0.78 nCi 98.49%
141 Be-10 1.6E6y ©/8/1992 16E6Y 0.5 \
148 Np-237 2.14E6 a 91371996 2.14E6 a 0.358mg 264 nCi D #77; Fission Foils
149 Np-237 2.14E6 a 9/13/1996 2.14E6a ¢.262 mg 123 nCi ID #78; Fission Foils
150 Np-237 2.14E6a 9/13/1996 2.14E6 a 0.633 my 466 nCi iD #80; Fissicn Foils
ID #5; U-235 fissile excepted 3.54 E -4 uCi; 0.161 mg; !
151 U-238/U-235 4.47E%a 9/12/1996 4.47E9 & 0.005 mg 1.7 pCi Fission Fails
1D #34; U-235 fissile excepted 3.54 E -4 uCj; 0.161 mg;
152 U-236/U-235 2.342E7 a 9/12/1996 2.342ET a .384 mg 0.025 Fissicn. Foils
153 U-233 1592E5 a 9/16/1896 1.592E5 a 0.189 mg 1.81 1D #10; Fission Foils
U-233 1.592ES5 a 9/18/1996 1.592E5 a 0,259 mg 2.53. 1D #1.1; Fission Foils
9/18/1996 2.89 1D #12; Fission Foils

Gamma
Alpha
Electron (beta)
Neutron
Fission Foils

Sources outlined in red have special hazards due to high activity.

Sources outlined in magenta have special hazards having a gasebus daughter
{Radon)

All alpha sources and fission foils have no protection for the radioactive deposit.

Page 2
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APPENDIX C. NUCLEAR SPECTROSCOPY STANDARDS

1. Gamma-ray Energy and Intensity Standards

Table 1 lists some y-ray energy standards, from the evaluation of Helmer ef al.", and intensity stan-

dards, recommended by the IAEA Co-ordinated Research Programme?® (CRP), for calibration of y-ray
measurements. Most of the isotopes given here have half-lives of more than 30 days, and many are com-
mercially available. The yray energies are based on the gold standard, the 411.80205 77 keV transition

from "®Au decay. Uncertainties are intended to represent one standard deviation, and include the 0.3
ppm uncertainty in the definition of the electron volt relative to wavelength. The yray energies reported in
Table 1 are from absclute wavelength or curved-crystal spectrometer measurements, which are tied
directly to the gold standard, and from the measurements of small y-ray energy differences using Ge
detectors. Energies that are rounded to the nearest 0.1-keV and tabulated without uncertainty are not
recommended values; however, they have been included because these transitions are useful intensity
calibration standards. Other, apparently precise, fransition energies and intensities have been tabulated in
the Table of Isotopes, but the reader should use these values with great caution because of unknown sys-
tematic uncertainties which may not have been included. Columns 1 and 2 show the isotope names and
half-lives from the Table of Isotopes, respectively. Columns 3 and 4 list the y-ray energies and intensities
with their corresponding uncertainties (in italics) in the least significant digit(s).

" R.G. Helmer and C. van der Leun, private communication, draft of a paper to be submitted to Nucl. instr. Meth., 1999.

2 X-ray and Gamma-ray Standards for Detecfor Calibration, report by the Co-ordinated Research IAEA Programme, |IAEA-
TECDOC-619 (1991).

* R. Vaninbroukx, Emission Probabiliies of Selected Gamma Rays for Radionuclides Used as Defector-Calibration Standards,
raport presented at the Advisory Groug Meeting of the International Atomic Energy Agency (IAEA), Vienna (1985).

Table 1. Gamma-ray Energies and Absolute Intensities for Some Standard Sources

Source  Half-ife Ey(keV) # 1(%) & Source  Half-life ET(keV) # (%) &
"Be 53.12d  477.6035 = 10.45 ot re 44503d 142.851>
22Na 26019y 1274537 7 99.935 15 192.349 5
z‘clNa 149590 h 13686255 99.9936 15 1099.245 3
2754.008 11 99.855 5 1291.590 6
350I(n,'y) 517.1 0.29720 %co 77.27d 8467638 19 99.933 7
786.3 0.096 9 1037,8333 24 1413 5
788.4 0.150 72 1175.0878 =2 2.239 11
1164.9 0.257 22 1238.2736 z2 66.07 19
1600.8 0.034 3 1360.196 4 4256 15
1951.1 0.187 15 1771.327 3 1549 5
1950.3 0.121 0 2015176 5 3.029 13
2863.9 0.060 5 2034.752 5 TIT 27
30617 0.035 2 2113.092 5 0.366 ¢
5715.2 0.051 2 2212.898 1 0.390 7
6110.8 0.197 16 2598.438 ¢ 16.96 ¢
6619.4 6.081 7 3009.559 ¢ 0.995 21
6627.5 0.048 4 3201.930 1+ 3139
6977.6 0.0223 20 3253402 5 762 24
74137 6.100 5 3272.978 5 1786
7790.0 0.086 7 3451.119 4 0.93 ¢
46 8578.2 0.0294 24 57 3548.3 0.478 9
Sc 83.79d 8892712 99.9844 16 Co 271.79d 1441304 9.16 15
1120.537 2 99.9874 11 12206065 12 85.60 17
B 1 63y 67.8688 17 53 136.47356 29 10.68 &
78.3236 17 Co 7086d 8107593 20 99.45 1
oy 27.7025d 3200824 « 9865 863.951 6 0.69 3
5Mn 312.3d 8348385 99,9758 24 1674.725 7 0.519 10
Spn 25785h 8468 08,87 57 80co 52714y 11732283 99.857 22
18107 " 7ot o5 1332492 4 99.983 ¢
Zn 244.26d 11155392 50.60 24

2113.0 14.3 47




Table 1. Gamma-ray Energies and Absolute Intensities (continued)

c-2

Source  Half-life Ey(keV) # 1 (%) & Source  Half-life Ev(keV} ¥ 1.(%) &
Ga 9.49h 8335324 2 6.03 2 108Mag 418y 4330374
1039.220 2 379 12 614.276 4
1333.1125 1235 722.907 10
1418.754 5 T0MAg 24979d  ads812s 37238
1508.158 # 620.3553 17
1918.329 5 214 ¢ B57.7600 11 gdd4 1t
2180616 ¢ 571 21 677 6217 12 1040 5 ¢
2422.525 7 1967 B87.0091 1 .44 31
27518350 2821 706.6760 15 166 11
3228.800 6 148 12 . -
3380.850 ¢ 140 22 744 2755 1 47041
3422 040 2 763.9424 17 22398t
3791.008 6 102 11 818,0244 73241
4085.853 9 1.14 19 884.6781 12 727 st
4295.7 357 937 485 3 3431 127
j:ﬁ;-igi ¢ is 13842831 0 24.2581
A 14 4
Sse 119.779d  66.0518s 1102 17871922 39927
96,7340 » 347 1505.0280 20 13.04 41
1562.2940 13
:i;:;;gf : ;Z; ; :230(1 4626 d 88.03360 70 3632
198.6060 12 149 1 in 28047d 1713 90.78 1o
264 6576 ¢ 59.0 2 115m 2454 94182
270.5422 1 2501 . 13 In 4486h 3382 45927
203.9236 10 131 1 1253!1 11509d 3916985 64.89 13
400.6572 5 115 4 Sn 964d 1806.690 4
82pr 3530 h 2214788 13 1889.884 7
2002.134
zf::::;j z 2201.002 12
658 368 5 2 2275748 10
T76.513 4 Sbh  6020d s0272602 98.0 11
827.820 5 6458520 19 7317
1043.993 5 713776 4
1317.466 4 722782 3 11321
1474.874 5 790.706 7
5 1650.328 5 968.195 4
Rb 3277d 881.6041 15 1045.125 4
1016.158 11 1325.504 4
55 1897.751 11 1368.157 5
. 8‘S(r 6484d 51400482 98.4 4 1436.554 7
106.65d 898.0364 940 3 1690971 4 4852t
1836.052 12 99.36 2 2090.830 7 5.66 ¢
hr ) 64.02d 7241933 4415 20" 125gp, 27582 y 1763142 6.85 7
o . 756.7 54.50 251 3805 1518 1
Nb 2.03x107y 7026394 99.79 5 427 874 4 297 7
95 871.1%4 3 99.86 5 463.365 4 10.48 11
gng 34975d 765803 99.81 3 600,597 2 17.73 13
Mo 6594 h A0.58323 17 606.713 3 5.00 5
o5m 140.511 1 635.950 3 11.21 2
Te 61d 204.1161 17 B71.441s 1,80 2
582.0775 21 125, 50408d 355 6.58 8
786.1922 27 132¢¢ 6.479d ee7.714>
820822 7 1317.918 5
835146 ¢ 1985.625 5
1039.260 5
%omre B.0Th 140511+ 89.0 2t
Ry 37359d 5118534




Table 1. Gamma-ray Energies and Absolute Intensities (continued)

C-3

Source Half-life Ey(keV) # (%} & Source Half-life Ey(keV) # (%) &
B4os 20648y 4754 149 2 1607 723d 86.7877 3
563.2 8.36 2 197.0341 16
569.3 15.39 6 215.6452 11
604.7 9763 6 2985783 17
795.8 8543 879.378 2
801.9 8.69 3 962.311 2
1038.6 0.980 5 966.166 2
1168.0 17927 1177.954 2
13852 3.016 11 1271873 5
Bes 3007y 6616575 85.1 2 1517p 6.88d 2565135 3
ga 1051 ¥ 53.1622 ¢ 48,91533 5
79.6142 12 57.1917 3
809979 11 3411 28 74.56669 ¢
1606120 16 1m  1286d 84.25474 &
2232368 15 1%9vh  32026d - 63120444
276.3989 1z 7.147 30 93261447 &
302.8508 5 18,30 5 109.77924 4
356.0129 7 61.94 14 118.18940 14
383.8486 12 8.905 29 13052293 6
13¥ce 137.640d 185.857 3 79.87 5 177.21307 &
Meoe 32501d 1454433+ 48647 197.95675 7
M4ce 284893d 6965054 261.07712 9
1489.148 3 307.73586 10
2185.645 5 172 187y 23.9330 2
B2Ey  13.537 Yy 12178173 28.37 13 787422 5%
244 6574 & 7534 81.7509 5
295.9387 17 90.6434 19
344.2785 12 26.57 11 W2r,  11443d 65722151
367.7891 20 . 67.74970 10
411.1165 12 2238 10 84 68024 28
444.0 3125w 10010895 7 1423257
778.9045 24 1287 5 113.67170 22
867.380 3 4214 25 1164179 &
964.1 14.63¢ 152429912 7028
1085.837 10 10.13 5 156.3864
1089.737 5 1731 179.39281 25
1112.076 5 1354 ¢ 198 35187 2
1212.948 11 14123 992 1085 2 7574t
1289142 s 1.626 11
2293207 &
1408.013 2 20.85 ¢
264.0740 2
1457 843 17
S4Ey 8593y 12307060 4125 1121.290 3 35321
2479788 7 6.95 9 1157.302 3
501.755 2 4.99 & 1189.040 3 16.42 101
723.3014 22 2022 1221395 3 27.20 21
756.8020 23 4586 1231.004 3 11.57 ¢t
873.1834 22 12.24 15 1257.407 3
996.3 10.48 12 1273718 2
1004.7 18.2 2 1289.145 3
1274.429 4 35.0 4 1373.824 3
1494.048 5 0712 1387.300 3
1506.4804 23 1812 1850s 23.8d 125.3581 ¢
Wed  2404d 6957300 13 162.852 2
75.42213 2 234.156 4
83.36717 21 592.0722 22
89,48595 22 646.127 4
97.43100 21 717.4298 2¢
103.18012 7 874.826 4
172.85307 19 880.2816 zr
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Table 1. Gamma-ray Energies and Absolute Intensities (continued)

Source Half-life ET(keV) # 17(%) & Source Half-life Ey(keV) * IT(%) 2
192y 73.831d 13634257 2 210py, 223y 46.539 7
20579430 ¢ 207g; 3155y se069s: 9774 3
295.95650 15 287 1°¢ 1063.656 2 7452
30845507 17 20.8 % 228 1770.228 ¢ 6874
316.50818 17 8303t Th® 1.9131 y 84.4 1222
416.4688 7 2385 4354
48B.0B885 26 477 2% 241.0 4105
4845751 4 277.4 2303
588.5610 7 44927 s00.1 3255
' ’ . 510.8 8.18 0
604.41105 25 B.114 583187 » 206 2
61246215 25 5283t 7973 6.80 5
198 884.5365 7 860.6 4.50 4
Au  269517d 411802057 956 1620.7 1495
675.6836 7 0.806 7 2614511 10 35.86 6
199 1087.6842 7 01583 B8Np  2.3565d 1061 2674
Au  3139d 4982635 2989 11.42 15
158.37851 10 2776 1431 20
203 208.20481 12 #am 4322y 2634462 241
zong 46612d 279195210 8148 5 59.5409 2 36.0.4
Pb 51.873h 27919824 2Bam 7370 y 435 5.94 11
401.320 4 787 67.4 10
680.515 3

* From reference 1 when listed with uncertainty. Otherwise rounded to the nearest 0.1 keV.
& From reference 2, except where indicated.

t From reference 3.

* In equilibrivm with Lu (6.70 d).

2 In equilibrium with decay daughter isotopes.
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4 65
5 55
7 ' 44
10 34
15 22

Activity (cpm)

Time(h)
From the graph, we see:
t12(B)=8.0h Ao (B) =80 cpm
t1,2{C)=0.8h Ao(C) =190 cpm

3.3 Radioactive Decay Equilibrium

When a radionuclide decays, it does not disappear, but is transformed into a new
nuclear species of lower energy and often differing Z A, ], m, etc. The equations of
radioactive decay discussed so far have focused on the decrease of the parent radienuclides
but have ignored the formation (and possible decay) of daughter, granddaughter, etc.,

species. Itis the formation and decay of these “children” that is the focus of this section.
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Let us begin by considering the case when a radionuclide I decays with decay
constant A, forming a daughter nucleus 2 which in turn decays with decay constant Az.
Schematically we have

1—=2—

We can write terms for the production and depletion of Z, ie.,

rate of change of 2 = rate of production - rate of decay of
nuclei present of 2 2
attimet
B JaN 1= 22N (3-13)

where N and N; are the numbers of (1) and (2) present at time &

Rearranging and collecting similar terms

AN+ AN, di= ), N, dt (3-14)
Remembering that
Ny= Nie™ (3-15)
we have
AN+ A;Nodt= Q4 Nie™ dt ’ (3-16)

This is a first order linear differential equation and can be solved using the method of
integrating féctors which we show below. Multiplying both sides by ¢**, we have
& d N+ A, N dt= 3, Nie™ ' dt (3-17)
The left hand side is now a perfect differential
d (Ve )= AN dt (3-18)

Integrating from t=0 to t=t, we have
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t_ A NjePM

Ao (3-19
2 |0 o= A 0 )
A
Noeh' = N§ = =2 N () (3-20)
Az=A

Multiplying by ¢*# and rearranging gives

Na()= M N e N (3-21)

2= Ay

where p} is the number of species (2) present at t=0. The first term in Equation (3-21}

represents the growth of the daughter due to the decay of the parent while the second term
represents the decay of any daughter nuclei that were present initially,. Remembering that

Az = 22Nz, we can write an expression for the activity of 2 as

A2= )LJ /12 N? Q-;le _ e—},;f)_l_ Ag e-A,t (3_22}
Az—As

These two equations, (3-21) and (3-22) are the general expressions for the number of
daughter nuclei and the daughter activity as a function of time, respectively.

The general behavior of the activity of parent and daughter species, as predicted by
Equation (3-22), is shown in Figure 3-6. As one expects qualitatively for N, = 0, the initial
activity of the daughter is zero, rises to a maximum, and if one waits long enocugh,
eventually decays.

Thus there must be a time when the daughter activity is the maximum. We can

calculate this by noting the condition for a maximum in the activity of {2} is
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dN2_ g (3-23)
dt
Taking the derivative of Equation (3-21) and simplifying,
Aie ™= pre (3-24)
Solving for t
fn Az
2 (3-25)

Frax—
()Lz"}w)

All of this development may seem like something that would be best handled by a
computer program or just represents a chance to practice one’s skill with differential
equations. But that is not true. It is important to understand the mathematical foundation
of this development to gain insight into practical situations that such insight offers. Let us
consider some cases that illustrate this point.

Consider the special case where A1 = Az. Plugging into Equations {3-21) or (3-22), or
a computer program based upon them leads to a division by zero. Does nature therefore
forbid A1 from equaling Az in a chain of decays? Nonsense! One simply understands that
one must redo the derivation (Equations {3-13) through (3-21)) of Equations (3-21) and
(3-22) for this special case {see homework).

Let us now consider a number of other special cases of Equations (3-21) and (3-22)
that are of practical importance. Suppose the daughter nucleus is stable (A 2 = 0). Then we
have

d
Nz N, (3-26)
dt

d N.= A N dt= A Nje " dt (3-27)
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0
No= 2 ) |, = W -e) (3-28)
—Af

These relations are shown in Figure 3-7. They represent the typical decay of many
radionuclides prepared by neutron capture reactions, the type of reaction that commonly
occurs in a nuclear reactor.

In Figure 3-8, we show the activity relationships for parent and daughter (as
predicted by Equation (3-22}) for various choices of the relative values of the half-lives of
the parent and daughter nuclides. In the first of these cases, we have ty, (parent) < ty
(daughter), ie, the parent is shorter lived than the daughter. This is called the “no
equilibrium” case because the daughter buildup (due to the decay of the parent)} is faster
than its loss due to decay. Essentially all of the parent nuclides are converted to daughter
nuclides and the subsequent activity is due to the decay of the daughters only. Thus the
name “no equilibrium” is used. Practical examples of this decay type are 13!Te — 131], 210Bj
~» 210Pg, 9281 — 92Y, This situation typically occurs when one is very far from stability and
the nuclei decay by B decay towards stability.

A second special case of Equations (3-21) and (3-22) is called transient equilibrium
(Figures 3-8b and 3-9a). In this case, the parent is significantly (~10x) longer-lived than

the daughter and thus controls the decay chain. Thus

A2 > At (3-29)
In Equation (3-21),ast — =,
e << g (3-30)
Nie™ >0

and we have



Na= PRy Nie™ | (3-31)
Substituting
Ni=Nie™" (3-32)
we have

At long times, the ratio of daughter to parent activity becomes constant, and both species
disappear with the effective half-life of the parent. The classic examples of this decay
equilibrium are the decay of 14%Ba (ty = 12.8 d) to 1*%La (tx = 40 hr) or the equilibrium
between 222Rn (ty, = 3.8 d) and its short-lived decay products.

A third special case of Equations (3-21) and (3-22) is called secular equilibrium
(Figure 3-8 (c+d)}, 3-9b). In this case, the parent is very much longer lived (~10x) than the
daughter or the parent is constantly being replenished through some other process.

During the time of observation, there is no significant change in the number of parent
nuclei present, although several half-lives of the daughter may occur. In the previous case

of transient equilibrium, we had

Ni_ A= (3-34)
N A
Since we now also have
M<<<Az (3-35)
we can simplify even more to give
Ni_ 2 (3-36)

N2 A
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A1N1 = AzNz (3-37)

A=Az
In short, the activity of the parent and daughter are the same and the total activity of the
sample remains effectively constant during the period of observation.

The naturally occurring heavy element decay chains (see below) where 2380 —
206ph, 235]J > 207Pb, 232Th ~» 208Pb and the extinct heavy element decay series 23’Np — 209Bj
are examples of secular equilibrium because of the long half-lives of the parents. Perhaps
the most important cases of secular equilibrium are the production of radionuclides by a
nuclear reaction in an accelerator, a reactor; a star or the upper afcmosph:e’re. In this case,
“we have

Niiclear Reaction — (2} — (3-38)
which produces the radionuclide 2 with rate R. If the reaction is simply the decay of a long-

" lived nuclide, then R=A1N:% and N0 =0. Substitution into 3-21 gives the expression

No= =2 Nt - ) (3-39)
Ai

A,z_

If the reaction is slower than the decay or

M<< {3-40}

It is most appropriate to say (since A; =~ 0}

No= 2 (1= o) (3-41)
Az

or in terms of the activities

A=A N=R{1=c) (3-42)
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Equation (3-42) is known as the activation equation and is shown in Figure 3-10.

Initially the growth of the product radionuclide activity is nearly linear (due to the
behavior of (] —e"‘ﬂ’)for small values of At} but eventually the product activity becomes
“saturated” or constant, decaying as fast as it is produced. At an irradiation time of one
half-life, half the maximum activity is formed; after 2 half-lives, 3/4 of the maximum
activity is formed, etc. This situation gives rise to the rough rule that itradiations that
extend for periods that are greater than twice ty; of the desired radionuclide are usually not
worthwhile,

Equation (3-21) may be generalized to a chain of decaying nuclei of arbitrary length
in using the Bateman equations (Bateman, 1910). If we assume thaf at t=0, none of the
daughter nuclei are present, N5= N¥5=.... N'=0, we get

M—-=02)—=063) ()=
No=Cre ™+ Cre ™+ Cse™'+...C, e ™
where

_ ArAz i A N? (3-43)
(A2-A)As-As) o (Au- A1)

i

C,= ArAz—Aus N?
(Ai=Az) (A3~ A2) - (Da=A2)
C.= ArAz - Ana N

(AI - An) (AZ B )Ln) (An-l - A-n)
These equations describe the activities produced in new fuel in a nuclear reactor. No
fission or activation products are present when the fuel is loaded and they grow in as the

reactions take place.
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Example

Consider the decay of a 1 uCi sample of pure 222Rn (t1,» = 3.82 days). Use the
Bateman equations to estimate the activity of its daughters (?18Po, 214Pb, 214Bj and 214Po)
after a decay time of 4 hours.

The decay sequence is

222Rh a 218P0 o 214Pb il 214Bf 8 214PO a

tizz  3.82d 3.1m 26.8m 19.9m  164psec
activity A B c — D — E —
A{(104s) 0.021 37.3 4.31 5.81 4.3x107

a InZ+4
A= Ae™ =1 uCi(e A3 ]
A=097uCi

B=2,{Ce™ +Cye™)
MNL Ay o NG A

Cl = = 2= =
A=A, A -A, P A, ~A, A, -4,
—A —Agt
B=A, Ao, e
)"’B ""}"A A’A _)“B
—n2+4
3.1/60
po373 %97, e
373-0.021 0.021-373
B =097uCi

(Actually B/A = 1.00056)

The reader should verify that for C, D and E, the only significant term is the term

multiplying e as it was for B. Thus for D/A, we have
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. ;LC L] )LD
}LB _;LA Ac _}"A }"D "'A’A

=1.0091

D__4
A
The reader should, as an exercise, compute the quantities of C and E present.

3.4 Branching Decay

Some nuclides decay by more than one mode. Some nuclei may decay by either B+

decay or electron capture; others by a-decay or spontaneous fission; still others by y-ray

emission or internal conversion, etc. In these cases, we can characterize each competing

mode of decay by a separate decay constant A; for each type of decay where the total decay

constant, A, is given by the sum

N
A= it At = A
=1

Corresponding to each partial decay constant A, there is a partial half-life £,, where

; 0.693
hiz™

and the total half-life, t1 2, is the sum of the reciprocals

! 1 1 ¥l
P R
tirz hi2 hHin =1 82

The fraction of decays proceeding by the i mode is given by the obvious expression

(3-44)

(3-45)

(3-46)

(3-47)

By analogy, the energy uncertainty associated with a given state, AE, through the

Heisenberg uncertainty principle can be obtained from the lifetime contributed by each
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Experiment 3
Gamma-Ray Spectroscopy Using Nal(T1)

Equipment Required

» SPA38 Integral Assembly consisting of a 38 mm x 38 mm
Nal(Tl) Scintillator, Fhotomultiplier Tube, and PMT Base with
Stand

* 4001 A/4002D NIM Bin and Power Supply
+ 556 High Voltage Bias Supply

+ 113 Scintillation Preampiifier

« B75A, Spectroscopy Amplifier

* EASY-MCA-2K including USB cable and MAESTRO software
{other ORTEC MCAs may be substituted)

« Perscnal Computer with a USB port and a recent, supportable
version of the Windows operating system.

+ TDS3032C Oscilloscope with a bandwidth =150 MHz,

+ C-34-12 RG-59A/U 75-Q Cable with one SHY female plug and
one MHV male plug, 3.7-m (12-ff) length.

+ Five C-24-1 RG-62A/U 93-Q Coaxial Cables with BNC plugs,
30-cm (1-ft.) length.

» C-24-12 RG-62A/U 93-Q Coaxial Cable with BNC plugs, 3.7-m
(12-.) length.

= Three C-24-4 RG-62A/U 93-Q Coaxial Cables with BNC plugs,
1.2-m (4-ft.} length

- £-29 BNC Tee Connector
« C-27 100 Q Terminator (BNC male plug}

- RS$S8* Gamma Source Set. Includes ~1 pCi each of: *Co, *Cs,
2Na, ¥Mn, *Ba, Cd, “Co, and a mixed Cs/Zn source (~0.5
UCi '"WCs, ~1 pCi ®2Zn). The first three are required in this
experiment. An unknown for Experiment 3.2 can be selected
from the remaining sources.

+ GF-137-M-5* 5 uCi +5% *Cs Gamma Source {used as a
reference standard for activity in Experiment 3.5}

+ GF-057-M-20* 20 yCi “Co Source (for Experiment 3.9).

+ One each of pure metal foil absorber sets: FOIL-AL-30, FOIL-
FE-5, FOIL-CU-10, FOIL-MO-3, FOIL-SN-4, and FOIL-TA-5.
Each set contains 10 identical foils of the designated pure
element and thickness in thousandths of an inch (Foil-Element-
Thickness).

« RAS20 Absorber Foil Kit containing 5 lead absorbers from 1100
to 7400 mglom?. The 10 aluminum absorbers from 140 to 840
mg/cm? also included in this kit are not used in this experiment.

+ Small, flat-blade screwdriver for tuning screwdriver-adjustable
controls

- Additional Equipment Needed for Experiment 3.10
+ 427 A Delay Amplifier

- 551 Timing Single-Channel Analyzer

+ 426 Linear Gate

- 416A Gate and Delay Generator

Radioactive-Source-Suppliers.aspx

*Sources are available direct from supplier. See the ORTEC website at www.ortec-online.com/Service-Support/Library/Experiments-

Purpose

The purpose of this experiment is to acquaint the student with some of the basic techniques used for measuring gamma rays. It is
based on the use of a thallium-activated sodiumn iodide detector. The written name of this type of detector is usually shortened to
Nal(Ti). In verbal conversations, it is typically simply called a sodium iodide detector.

Gamma Emission

Most isctopes used for gamma-ray measurements also have beta-emissions in their decay schemes. The decay scheme for the

isotope typically inciudes beta decay to a particuiar ievel, foliowed by gamma emission to the ground state of the finai isotope. The
beta particles will usually be absorbed in the surrounding material and not enter the scintillation detector. This absorption can be
assured with aluminum absorbers {ref. 10). For this experiment, the beta emissions cause negligible interference, so absorbers are
not specified. There is always some beta absorption by the light shield encapsulating the detector. The gammas, however, are quite
penetrating, and will easily pass through the aluminum light shield.

Generally there are two unknowns that we would like to investigate about a gamma source. One is measuring the energies of the
gamma rays from the source. The other is counting the number of gamma-ray photons that leave the source per unit of time. In this
experiment the student will become familiar with some of the basic Nal(Tl) measurements associated with identifying a gamma-
emitting radioisotope. A total time of ~6 hours is required to complete all the paris of Experiment 3 {3.1 through 3.10). Since each part
is written to be fairly independent of the others, the complete series can be done in two 3-hour lab periods.



Experiment 3
Gamma-Ray Spectroscopy Using Nal(T])

The Nal(Tl) Detector

The structure of the Nal(Tl) detector is
illustrated in Figure 3.1. It consists of a
single crystal of thallium activated
sodiurn iodide optically coupled 1o the
photocathode of a photomultiplier tube.
When a gamma ray enters the detector,
it interacts by causing ionization of the
sodium iodide. This creates excited
states in the crystal that decay by
emitting visible light photons. This

e
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emission is called a scintillation, which is
why this type of sensor is known as a
scintillation detector. The thallium doping
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/
7 1
ANNIHILATION
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of the crystal is critical for shifting the e e N
wavelength of the light photons into the v /

sensitive range of the photocathode. \ / N[ eroramunieeies e |ty
Fortunately, the number of visible-light RN |

PHOTOELECTRON
Emitted from Cathade)

photons is proportional to the energy
deposited in the crystal by the gamma
ray. After the onset of the flash of light,
the intensity of the scintillation decays
approximately expenentially in time, with
a decay time constant of 250 ns.
Surrounding the scintillation crystal is a
thin aluminum enclosure, with a glass
window &t the interface with the
photocathode, to provide a hermetic seal
that protects the hygroscopic Nal against

BYNODE
ISecondicy Elactron Emission

ANODE

Fig. 3.1. The Structure of the Nal(Tl) Detector and Various Types of Gamma-Ray Interactions
that Occur in the Typical Source-Detector-Shield Configuration.

moisture absorption. The inside of the
aluminum is lined with a coating that reflects light to improve the fraction of the light that reaches the photocathode.

At the photocathode, the scintillation photons release electrons via the photoelectric effect. The number of photoetectrons produced is
proportional o the number of scintillation photons, which, in turn, is proportional fo the energy deposited in the crystal by the gamma
ray.

The remainder of the photomultiplier tube consists of a series of dynodes enclosed in the evacuated glass tube. Each dynode is
biased to a higher voliage than the preceding dynode by a high voltage supply and resistive biasing ladder in the photomultiplier tube
base. Because the first dynode is biased at a considerably more positive voltage than the photocathode, the photoelectrons are
accelerated to the first dynode. As each electron strikes the first dynode the electron has acquired sufficient kinetic energy to knock
out 2 to 5 secondary electrons. Thus, the dynode multiplies the number of electrons in the pulse of charge. The secondary electrons
from each dyncde are attracted to the next dynode by the more positive voltage on the next dynode. This multiplication process is
repeated at each dynode, until the output of the last dynode is collected at the anode. By the time the avalanche of charge arrives at
the anecde, the number of electrons has been multiplied by a factor ranging from 10* to 10%, with higher applied voliages yielding larger
multiplication factors. For the selected bias voltage, the charge arriving at the ancde is proportional to the energy deposited by the
gamma ray in the scintillator.

The preamplifier collects the charge from the ancde on a
capagcitor, turning the charge into a voltage pulse.
Subsequently, it transmits the voltage pulse over the long
distance to the supporting amplifier. At the output of the
preamplifier and at the output of the linear amplifier, the pulse A
height is proportional to the energy deposited in the seintillator
by the detected gamma ray. The Multichannel Analyzer (MCA)
measures the pulse heights delivered by the amplifier, and
sorts them into a histogram to record the energy spectrum
produced by the Nal{Tl) detector. See Figure 3.2 for the
modular electronics used with the Nal(T!) detector.

SPA3E Nai(3T}

Phatotube, PMT
Base and Stand

SOURCE

s
Preampiificr

Y
Y
v

5754 EASpMCA-ZE-
Ampliiar Systom

556
HV Power
Supply

Fig.3.2. Electronics Block Diagram of Gamma-Ray Spectroscopy
System with Nal(Tl} Detector.
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For an ideal detector and supporting pulse processing electronics, the spectrum of 662-keV gamma rays from a *Cs radiocactive
source would exhibit a peak in the spectrum whose width is determined only by the natural variation in the gamma-ray energy. The
Nal{T1} detector is far from ideal, and the width of the peak it generates is typically 7% to 10% of the 662-keV gamma-ray energy. The
major source of this peak broadening is the number of photoelectrons emitted from the photocathode for a 662-keV gamma-ray. For a
high-quality detector this is on the order of 1,000 photoelectrons. Applying Poisson statistics {ref. 1 and 11}, 1,000 photoelectrons limit
the full width of the peak at half its maximum height (FWHM) to no less than 7.4%. Statistical fluctuations in the secondary electron
yield at the first dynode and fluctuations in the light collected from the scintillator also make a small contribution fo broadening the
width of the peak in the energy spectrum. Because the broadening is dominated by the number of photoelectrons, and that number is
proportional to the gamma-ray energy, the FWHM of a peak at energy E is approximately described by

% Resolution (FWHM) = ?E—E X 100% = % (1)

Where

E is the energy of the peak,

SE is the FWHM of the peak in energy units, and

k is a proportionality constant characteristic of the particular detector.

Equation (1) indicates that the percent energy resolution of the Nal(Tl) detector improves as the gamma-ray energy increases.

Because the scintillation has a 250-ns decay time constant, it is important to collect the resulting charge pulse from the photomulitiplier
tube for at least four time constants (i.e., 1 us). This collection time ensures that 98% of the light will contribute to the analyzed pulse
height, thus assuring that the best possible energy resolution can be achieved. If a 0.5-uys shaping time constant is chosen on the
linear amplifier, the amplifier output pulse will reach its maximum amplitude in approximately 1.1 gs. Hence this is the minimum
shaping time constant that can be employed. If high counting rates are not expected, and the dead time caused by the pulse width is
not a problem, a 1-us shaping time constant can be selected. The latter choice delivers a pulse that reaches peak amplitude in
approximately 2.2 ps.

For an MCA having a conversion time <2 ps, the dominant source of dead time is the duration of the amplifier output pulse. The dead
time comprises the sum of the time to reach peak amplitude and the width of the pulse at the baseline. For the 0.5 ps shaping time
constant, the dead time amounts to about 5 ys, and for the 1 ps time constant, the dead time is approximately 10 ys. Consequently,
the Nak(Tl) system will experience a 10% dead time loss in the range of 10,000 to 20,000 counts/second, depending on the choice of
amplifier shaping time constant. Above 20,000 counts/second, the gain of the photomultiplier tube can be affected by the counting
rate. Consequently, 20,000 counts/second is a reasonable upper limit for normal operation. For more information on pulse shaping
and the relevant dead time, see references 1, 11, 12, 13 and 14,

The Multichannel Pulse-Height Analyzer

The other major concept introduced in this experiment is the Multichannel Analyzer (MCA). It is responsible for measuring the height
of each pulse delivered by the linear ampilifier. Over the period of time the gamma rays are counted, the MCA sorts the pulses,
according to pulse height, into a histogram that represents the spectrum of gamma-ray energies intercepted by the Nal(Tl) detector.
The MCA is the central analyzer for many of the experiments in this series. Rather than inciuding a complete description of its function
in each experiment, the student is referred io the document entitled, The Multichannel Pulse-Height Analyzer which can be found on
the Library page at www.ortec-online.com/solutions/educational.aspx.

The MCA listed in the Equipment Required for this experiment uses software in a supporting personal computer to operate the
instrument and display the spectrum. The MCA connects to the computer via a USB cable. It is important to become familiar with the
controls that are accessible via the MAESTRO software. The most efficient approach may be to have the laboratory instructor provide
a quick demonstration. You will need to know how to starl/stop data acquisition, clear the contents of the memory, select the digital
resolution, adjust the upper and lower discriminator thresholds, set the preset live time, monitor the percent dead time, read the peak
positions with the mouse pointer, set regions of interest, and calibrate the horizontal scale to read in keV (energy).

Cne of the benefits of the MCA is the incorporation of a live time clock. This feature automatically corrects for dead time losses by
measuring elapsed time only when the spectrometer is not busy processing a pulse. See references 1, 11, 13 and 14 for more
information.
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EXPERIMENT 3.1. Energy Calibration

3.1.1. Equipment Setup
Set up the electronics as shown in Fig. 3.2.
1. Turn off power to the NIM Bin and Power Supply and the 556 HV Power Supply.

2. Check that the front-panel controls on the 556 HV Power Supply are set to their minimum values. Confirm that POSitive
POLARITY has been selected on the rear panel, and the CONTROL toggle switch has been set to INTernal. The 556 derives its
primary power from an AC power outlet. But, for convenience, it can be inserted into a vacant location in the NIM Bin.

3. Ensure that the Nal(Tl) detector assembly is propetly mounted in the stand. Connect the MHV High Voltage (Bias) connector on
the detector to the SHV High Voltage QUTPUT on the rear of the 556 using the C-34-12 coaxial cable. Note that the connectors
are different on each end of this high voltage cable. One connector is specific to the MHV connector used on the detector, and
the other is matched to the SHV connector on the rear of the 556 HV Supply.

4. Using the C-24-1 coaxial cable, connect the anode output of the Nal(Tl) detector assembly (BNC connector) to the INPUT of the
113 Preamplifier. Set the 113 INPUT CAPacitance to 200 pF. The polarities of the anode output of the photomuitiplier tube and
the preamplifier are both negative.

5. Remove the 575A Amplifier from the NIM Bin and check that the slide switches accessible through the side panel are all set 1o
0.5 ps. That selection ensures that the shaping time constant is set to 0.5 us. Insert the amplifier back into the NIM Bin.

Connect the power cable from the 113 Preamplifier to the PREAMP. POWER connector on the rear of the 575A Amplifier.
Using a C-24-12 coaxial cable, connect the QUTPUT of the 113 Preamplifier to the INPUT of the 575A Amplifier.
Select the NEGative input polarity on the 575A Amplifier.

Using a C-24-4 coaxial cable, connect the UNIpolar OUTput of the 575A Amplifier to the analog INPUT of the EASY-MCA. Using
the USB cable, connect the USB port on the rear of the EASY-MCA to the USB port on the supporting computer. Ensure that the
MAESTRO software that operates the EASY-MCA has been installed on the computer.

10. Turn on the power to the computer and the NIM Bin and Power Supply.

©® NP

There are two parameters that ulimately determine the overall gain of the system: the high voltage furnished to the phototube and the
gain of the spectroscopy amplifier. The gain of the photomultiplier tube is quite dependent upon its high voltage. A rule of thumb for
most phototubes is that, near the desired operating voltage, a 10% change in the high voltage will change the gain by a factor of 2.
The desired high voltage value depends on the phototube being used. Consult your instruction manual for the phototube and select a
value in the middle of its normal operating range. Sometimes, the detector will have a stick-on label that lists the percent resolution
and the voltage at which that resolution was measured. In that case, use the high voltage value on that label. Lacking those sources
to specify the operating voltage, check with the laboratory instructor for the recommended value. The operating voliage will likely fall
in the range of +800 to +1300 Volis.

11. Set the voltage controls on the 556 High Voliage Power Supply to the operating voltage recommended for the detector. Turn on
the POWER switch on the 556.

12. Using the MCB Properties menu in the MAESTRO software, set up the acquisition conditions for the EASY-MCA. Select a
conversion gain of 1024 channels for the pulse-height range of 0 to +10 Volts. Turn the GATE to Off. For a starting value, the
iower lavel discriminator threshold can be set to about 100 mV (10 channels). Set the upper level discriminator to full scale, or
slightly higher. Initially, the preset time limit can be turned off. Your laboratory instructor may have additional recommendations for
the set-up of the EASY-MCA.

3.1.2. Pole Zero Cancellation Adjustment

The Nal(Tl) detector produces a pulse of charge that lasts for about 1 ps at the anode output of the photomultiplier tube. The
preamplifier collects that charge on the input capacitance and turns it into a voltage pulse at the preamplifier output. Because the
anode pulse has a negative polarity, and the 113 Preamplifier is non-inverting, the voltage pulse at the preamplifier output has a
negative polarity. The decay time of the scintillation controls the shape of the leading-edge response of the preamplifier output pulss.
For the 250-ns decay time constant of the Nal{Tl) scintillator, the fall time (10% to 80% of the pulse height) on the leading edge of the
voltage pulse will be approximately 0.55 ps. Within about 1 ys, the absoluie value of the pulse amplitude reaches its maximum
excursion. Subsequently, the voltage pulse decays back towards zero Volts with an exponential decay that is characterized by a 50 ps
time constant. That decay time constant is nominal, and could lie anywhere in the range of 30 to 80 us.
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In the amplifier, the long exponential decay of the preamplifier must be replaced by the shorter exponential decay selected by the
shaping time constant switches on the amplifier. This is the function of the Pole-Zero Cancellation circuit near the input of the
amplifier. The adjustment of the Pole-Zero Cancellation to achieve exact replacement will be implemented in the next series of steps.
For more information on pole-zero cancellation, consult references 1, 11 and 12,

1.

Disconnect the Amplifier UNIpolar QUTput from the EASY-MCA and connect it instead to the Channel 1 (CH1) input of the
oscilloscope. Select Auto triggering on CH1 in the oscilloscope, a vertical scale of 5 V per major division and 1 ps per major
horizontal division. Adjust the vertical position of the baseline in the display to the centerline of the display. Make sure the input
impedance of channel 1 is set to 1 MQ.

Place the *"Cs source from the gamma source kit (Ey = 0.662 MeV) in the stand ~2 cm below the front surface of the Nal(Ti)
crystal.

Observe the signal on the oscilloscope. It should look approximately like
the yellow signal in Figure 3.3, except the vertical and horizontal scales
will be different. There should be an intense signal at the top of the range
of pulse heights, and a distribution of less intense pulses at lower
amplitudes. The intense signal at the top of distribution is the full-energy
signal from the 662-keV gamma ray. If no signals are observed, try
adjusting the oscilloscope triggering and the verical scale to find the
signals.

Once you are able to display the signals, adjust the amplifier coarse and
fine gain controls to make the amplitude of the full-energy signal from the 3
662-keV gamma rays approximately 10 Volts. It may be useful to change
the oscilloscope triggering mode from Auto to Normal at this point.

Change the oscilloscope horizontal scale to 50 s per major division.
Change the vertical scale to 100 mV per major division. Re-adjust the

triggering and vertical position so that the baseline before and after the [ Fig. 3.3. Oscilloscope Signal.

pulses aligns with the main horizontal scale line across the middle of the
display.

Turn the PZ ADJ screwdriver adjustment on the front panel of the 575A Amplifier clockwise and/or counter-clockwise, as needed,
to make the observed pulses return to baseline as quickly as possible after each pulse without any undershoot. Consult
references 1, 11 and 12 for more guidance.

CAUTION: On some oscilloscopes, the 10-V pulse amplitude may cause an overload of the oscilloscope amplifiers on the more
sensitive vertical scales. When this happens the recovery of the trailing edge of the pulse will appear distorted, making it impossible to
make a valid PZ adjustment. If this problem is suspected, start with the 5 V per major division scale and increase the vertical scale
sensitivity one step at a time. For each increase in vertical sensitivity verify that the shape of the trailing edge differs from the shape
on the previous scale setting in proportion to the change in the scale factor. When abrupt distortion is encountered on the more
sensitive vertical scale, return to the previous, less sensitive scale to make the PZ adjustment.

It may be useful to ry different horizontal scales ranging from 10 ps to 100 s per major division while making the pole-zero
cancellation adjustment.

3.1.3. Adjusting the Gain for Recording Spectra

1.

Set the oscilloscope vertical scale to 1 Volt per major division, and the horizontal scale to 1 ps per major division. Adjust the
triggering and vertical position if needed to observe the signals.

Reduce the amplifier gain to set the 662-keV pulse height io approximately 2.4 Volis.
Disconnect the amplifier UNEpolar OUTput from the oscilloscope and re-connect it to the analog INPUT of the EASY-MCA.

Acquire a spectrum on the EASY-MCA for at least 30 seconds, and no more than a couple of minutes. The spectrum should look
like Figure 3.4.

Identify the 662-keV photopeak (full-energy peak). Click on the top of the peak, and note the channel number corresponding to
the maximum value,

If the 662-keV photopeak position does not correspond to channel 238, adjust the amplifier fine gain and repeat the spectrum
acquisition. Repeat this process uniil the peak position lies at channei 238. This adjustment ensures that the 1.17 + 1.33 MeV =
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2,50 MeV sum peak from the *Co source in Experiment 3.8
will be positioned at channel 900, well within the 1000-

channel limit. (Note that the calibration in Fig. 3.4 places Eves Eney ey St £2 CRANNEL 210
the peak at channel 280, which would shift the sum peak in a0p E.’L“.:'“‘:.é?"‘ paze w -
Expt. 3.8 past the top end of the scale.)
= Huwluliuﬂzis-xlm T
E
3.1.4. Lower-Level Discriminator Adjustment T
F-
The optimum setting of the Lower-Level Discriminator threshold mr =% .

is slightly above the maximum noise amplitude. This prevents
the MCA from wasting time analyzing the useless information in
the noise surrounding the baseline between valid pulses.
Setting the Lower-Level Discriminator threshold reasonably o0
close to the noise improves the quality of the automatic dead '%b‘ ]
fime correction by measuring the full duration of the pulses at M
the noise threshold. To adjust the Lower-Level Discriminator use s |-
the following procedure.

FWHM = 22 CHANNELS
=3E

Counts/Channe

1. Remove any radioactive sources from the vicinity of the ok L L L L L - * L =
Nal(Tl) detector, so that no gamma rays are being Chonmed Number
detected.

2. Start a data acquisition and observe the Percent Dead Time Fig. 34. Nal(Tl) Spectrum for *'Cs.

displayed for the MCA. It should be less than 1%. I the
dead time is larger than 1% jump to step 5.

3. Using the MCB Properties menu, reduce the Lower-Level Discriminator threshold, start another acquisition and observe the
percent dead time.

4. Keep repeating step 3 until the percent dead time abruptly increases.

5. Once the dead time increases significantly above 1%, gradually increase the Lower-Level Discriminator threshold until the
percent dead time is less than 1%.

6. Repeat steps 3 through 5 until you are confident the threshold has been set reasonably close to the noise, with lithle risk of
counting random noise excursions.

The absolute amplitude of the noise at the MCA input is dependent on the preamplifier characteristics and the gain setting on the
amplifier. Consequently, the MCA Lower-Level Discriminator threshold should be adjusted any time the amplifier gain is changed, or
the preamplifier is replaced with a different unit. Adjustment of this threshold is important whenever a detector system is assembled
for initial set-up.

3.1.5. Energy Calibration with 'Cs and *Co

1. Return the *Cs source to the counting position, and implement an acquisition for a time period long encugh to form a well
defined spectrum with minimal random scatter in the vertical direction. The amount of scatter is controlled by counting statistics. If
the i* channel contains N; counts, the standard deviation in those counts is expected to be

o, =Ny &)

And the percent standard deviation in the N; counts is

! 1009
%oy, =2 x 100% = 0% @)
N N
Note that 100 counts in a channel corresponds to a 10% standard deviation, 10,000 counts yield a 1% standard deviation, and 1
miflion counts are needed to achieve a 0.1% standard deviation. Consequently, the vertical scatter in the spectrum will begin o
appear acceptable when the rather flat continuum at energies below the Compton edge has more than a few hundred counts per
channel.

2. Pilot the spectrum accumulated in step 1 with a linear vertical scale. Mark the photopeak, the Compton edge and the backscatter
peak (if discernable) on the spectrum as indicated in Figure 3.4.
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. Section 6
Detector Specifications and Performance Data

6.1 SPECIFICATIONS Mode! Number GR1020 Serial Number._ 3871624

The purchase specifications and therefore the warranted performance of this detector are as follows:

Rel. Efficiency - 10, _%
Resolution - _2-0 kev (FwiiM)
- keV (FWTM)
keV (FWHM)
- keY(FWTM
Peak/Compton - o

@ 133 MeV

@

7600

Cryostat Description or Drw. No. if special
6.2 PHYSICAL/PERFORMANCE DATA
Actual performance of this detector when tested is given below.

Geometry Reverse electrode closed ended coaxial
Diameter 44.6 mm

) 36

- Length mm

Active area facing window _22-8 _ em?

Distance fromwindow ____ 3 = mm
Elecirical Characleristics

Depletion Vohage(_lfﬂgem Vde.

Recommended Bias “‘oltage (=) 4000 _vyge

Leakage Current at Recommended Bias 0.0 Na.
Preamplifier Test Point Voliage at Recommended Bias(=)_1.60 __vdc.
Capacitance at Recommended Bias 17 ptf.
Resolution and Efficiency~-with Amp lTEme Constant of l microseconds.
Isotope Co™ Co® | _. _ Cdlﬁg
Energy (keV) 122 1332 N "33 /88Kev
FWHM (keV) 0.72 1.73 |
FWTM (keV) 1.32 Y
Peak/Compton £9:1
Etficiency (%) ‘1 3.8 >23:1
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- National Burean of Standards
IS | A ertificate

Standard Reference Material 4275-B

MTXED~RADIONGCLIDE POINT-SOURCE STANDARD

WHICH IS BEING MAUED TO YOU UNDER

for the -
EFFICIENCY CALIBRATION OF GERMANTUM-SPECTROMETER SYSTEMS
Antimony-125-Tellurium~125m
Eurcpium-154
. Buropium~155
Source identification SRM- 4275-B = 4%
Source description Point source on polyester tape (*

Reference time 1200 EST May 1, 1983

v

This standard is inte for use in measuring the full-energy-pesk efficiencies

of spectrometer systems for x and gamma rays from 27 to 1596 keV, provided that
- . the responses to radiations approximately 5 keV apart can be resolved. Emission

; rates are specified at 19 energies for photon radiations from a mixture of anti-

mony-125~tellurium~125m, enropium~154, and europium-155. Uncertainties are
estimated and combined at a level corresponding to a standard deviation of the .
mean, with the intent that the user can propagate this uncertainty along with
the other uncertainties in the spectrometer calibration.

Table 1 gives the energies, emission rates, and uncertainties for selected
radiations. A footnote indicates how emission rates will change with time. If
there are any changes in measured emission rates that would corréspond to an
emission rate 0.5 percent different from that calculated from Table 1, or in
measured half lives that would cause a corresponding difference after five
years, notification will be sent to purchasers of the standard.

Table 2 lists the estimates of component uncertainties which have been combined
in quadrature to give the total incertainty in each emission rate.

Notes on the use of this standard are appended. One of the tables in the
supplemental notes gives relative emission rates for radiations close in energy
to the certified radiations; for spectrometer systems of poorer resolution, it
may be necessary to use a combined emission rate for scme multiple peaks.

This Standard Reference Material was prepared in the Center for Radiation Research,
Nuclear Radiation Division, Radicactivity Group, Dale D. Hoppes, Group ILeader.

Washington, D.C. 2023 Stanley D. Rasberry, Chief
July, 1983 : Office of Standard Reference Materials

Footnotes on page 4



X-Ray and Gamma-Ray Energies, Emission Rates (%)
and Uncertainties for Standard Reference Material 4275-B

TABLE 1
Radionuclide | Photon Emission Rate Total Estimated
Energy | (x s} or (ys!) |Uncertainty (%)*
(keV) 1200 EST May 1, 1983
125G - 1257 P | Ka, 27.4 1.283x 104 1.3
14y - 155Ey | Ka, 42.8 9.537x10° (4) 1.3
| 15Ey 86.6 5.471x10° 0.8
= 155Ey 3.779% 10° 1.1
3 154y, 1.307x 10* 0.7
7 125G, . 1.408x 103 0.6
51y . 2.215x10° 0.6
¢ 128G 3.120x 102 0.8
7 135} 6.118x 103 0.7
§ 12581, 2.151x10° 0.7
1 ey 1.585x 10 ' 0.6
le 125G 3.634x 10° 0.6
' 125}, 2.322x 103 | 0.6
1Ry, 6.434x 103 0.6
3 154y, 3.905x10° 0.7
154y 3.343x103 1.0
B D 5.795x10° 0.7
1stEy 1.117x 10t 0.6
Flhisap, 5.678 102 0.7

* Estimated total uncertainties have the significance of one standard deviation of the mean.
Components of these estimates are given in Table 2.



Estimates of the Component Uncertainties for
Photon-Emission-Rate Values for SRM 4275-B

TYPICAL UNCERTAINTY COMPONENTS (%)

TABLE 2

Photon | Number of | Std. Dev. Pile-up Overall

Energy | Determin- | of the | Effici- | Peak | Compen- Uncer-

(keV) ations Mean ency | Analysis | sation | Geometry | Other* | tainty™
274 6 0.3 1.0 0.7 0.3 0.1 0.2 1.31
42.8 6 0.06 1.0 0.7 0.1 0.1 0.5 1.3
86.6 6 0.12 0.65 0.3 0.1 0.1 0.05 0.74
105.3 6 0.09 1.0 0.3 0.1 0.1 0.05 1.1
123.1 6 0.08 0.6 0.4 0.1 0.08 0.05 (.74
176.4 6 0.09 0.5 0.2 0.2 0.1 0.05 0.59
248.0 6 0.04 0.5 0.3 0.1 0.08 0.05 | 0.60
~, 380.5 6 0.36 0.7 0.2 0.2 0.08 0.05 0.84
7 427.9 6 0.23 0.7 0.2 0.2 0.08 0.05 0.79
463 .4 7 0.22 0.58 0.2 0.2 0.08 G.05 (.69
2917 6 0.12 0.45 0.3 0.1 0.08 0.05 0.57
600.6 7 0.20 0.42 0.4 0.2 0.08 0.05 0.65
635.9° 6 0.19 0.42 0.2 0.2 0.08 0.05 0.55
723.3 6 0.05 0.54 0.2 0.1 0.08 0.65 0.29
873.2 5 .12 0.63 0.3 0.1 0.08 0.05 0.72
996.4 5 0.11 0.54 0.75 0.1 0.08 0.05 0.94
1004.8 5 0.06 0.54 0.4 0.1 0.08 0.05 (1.69
12744 5 O.Qﬁ 0.45 0.1 0.1 0.08 0.65 0.46
1596.5 6 0.43 0.40 0.1 0.2 0.15 0.05 0.64

* Includes contributions for the half lives for the Te x-ray, for the decay schemes for Gd
x-ray, and for gravimetric factors in the source preparation.

™ Components of the uncertainty have been added in quadrature. This is the overall uncer-

!

the last column of Table 1.

tainty for a typical detector, and some of the values are slightly greater than those given in
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UNITED STATES DEPARTNENT OF COMMERCE
Natinnal Bureau of Standards
Washington, D.C. 20234

NOTES ON THE USE OF STANDARD REFERENCE MATERIALS 4275-B AND 4276-B

MEASURYNG EFFICIENCIES OF GERMANIOM SPECTROMETER SYSTENS
WITH RBS LONG-LIVED MIXED-RADIOWOCIIDE STANDARDS

1. Introduction

Careful measurements with many calibrated single~radionuclide sources may give
the most accurate efficiency-energy relations for germanium spectrometers, but
the use of one source with established photon (gammwa~ray or x-ray) emission
rates at many energies often suffices and is more convenient. There is a fur—
ther convenience if the radiomuclides involved are long-lived, for experience
has shown that system efficiencies should be checked periodically. -

Inevitably, there are compromises in the composition of such standards, espe-
ciauyifﬁaeyaretohaveasufficimtdensityofpmtonmergiestodeﬂne
the calibration relation without a strong dependence on an assamed analytic
relation. In selecting the components for the present long-lived mixed radio—
nuclide standard, we considered the balance of emission rates at significant
energies, spectral conflicts,.source-attenvation, simplicity <in use; correlated
summing, calibration difficulties; and the cost and availability of the
radionuclides. ~

The standard is composed of 129¢h (with 1250Te in equilibrium, 154Eu, and
155Eu.  Photon-emission rates for the major radiations have been measured with
four germanium spectrometer systems especially calibrated for the purpose.
These emission rates are specified with total tncertainties of from 0.6 to 1.3
percent, estimated to correspond to one standard deviation of the mean. The
goal was to provide the users of the standards with a "realistic® uncertainty
(as opposed to one which is very conservative) that can be combined with others
entering into detector calibrations (such as those from counting statistics,
geometry and rate differences, correlated summing, and peak evaluatian) to
generate an overall uncertainty for their calibration curves.

New information will be supplied to purchasers whenever we have reason to
believe that an emission-rate value is different from that stated by 0.5
percent, or when the accuracy has improved significantly. :

These standards supply many useful calibration points between 27 and 1596 eV,
with other long-lived NBS standards such as 60Co, i33pa, 152py, 207Ri, ang 226m,
(plus progeny) available to fill in sparse regions and extend the calibrations
to higher energies, if that is required Standards of 228a, -4Mn, 88y, ang
139¢e"are also often available.



We will now describe some points that should be considered in using the Standards
and in applying gamma-ray spectrometry in general. A biblography at the end of
the report lists a few significant references, some of which describe the
technigues used in the gamma-ray emission rate measurements for

these standards.

The half lives of only 125gb, 134gu, and 1°5Eu are involved in.the calculation.
However, the gadolinium x rays, which s.xpplyiﬂuseful calibration point for
good-resolution detectors, result from both +34En and 159Bu decays and hence the
calculation involves the sum of two components, as shown on- the certificate

notes. The half lives and uncertainties (from an unweighted averaﬁtlof recent
values from 2 or 3 laboratories) are: 129gb - 1008.7 # 1.0 days; 15%Eu - 3127 = 8
days; and 155Eu - 1741 2 10 days.

We will continue to monitor the emission rate of pure samples of each
radionuclide, and report to the purchasers any change that would make a difference
of greater than 0.5 percent after 5 years.

3. Spectral Conflicts

A complete list of the more than 200 gamma rays reported for this mixture -
would dxscourage any cons:.derat:.on of usmg such sodrces as effz.c:.ency—

energy conf}.:u.cts for good resolut:.on detectors and few background dlffzwl-
ties (Compton edges or backscatter peaks) that interfere with peak-area
analyses to more than one percent. For poorer—resolution detectors, the
contributions of weak peaks in the 176-keV region must be considered, and
the analysis of the triad at about 600 keV and the doublet at 1 MeV will
present a challenge if the peaks are analyzed separately. However, a simple
summing of channel contents, after an interpolated or extrapclated back-
g;ound has been subtracted, can give areas accurate to about 2 percent, for
energies of 87 keV or greater. For all systems, the challerge of constructing
a consistent and smooth calibration curve, within the uncertainties shown on
the eitission~rate table, may prove infoxrmative about techniques and
uncertainties. We are investigating Better analysis technigues, and would
be interested in nonabusive user comments if discrepencies are found

Above 120 keV, the accuracy of some NBS emission-rate values appear to be
limited by peak analysis uncertainties rather than efficiency uncertainties
for our detectors. Below 120 keV, the converse is true for gamma rays, with
the paucity of reliable efficiency points making interpolations less
certain. Por the x rays, the deviation of our measured K, to Kg rations
from literature valves indicates that peak-area measurements are less
reliable for these radiations at the present time, and this is reflected in

the uncertainties quoted.



Table 1 lists the domimant photon energies, and suggests where conflicts may
occur. ‘The probablity of interfering gamma rays, relative to the
probability of the dominant ganma ray, are from NBS measurements, or
literature values for some very small contributions. Users can judge if
conflicts are significant for their System resolution and their required
uncertainties, and make corrections (some of which change with time) if
necessary.

4. Polse-Sumwipg Corrections

accidental overlap of pulses resulting from the decay of two separate
noclei, or it may arise from the detection of nearly simultaneous cascade
radiationsinthedecayofthesanemcleus. :

In the former case of the accidental Pile-~up of pulses, the rate-dependent

losses can be monitored with a constant-rate-pulser pesk or almost accounted

for with a pile-up rejector and live-time circuit. The live timer of a slow
multi-channel analyzer may provide a partial compensation, but this should
not be assumed for total rates, above amplifier noise, of more than a few
hundred counts per second.

The effect of correlated or cascade summing due to cascade radiations is
not rate-dependent but depends on the efficiencies of the detector for the
radiations involved, and can result -in either the gain or doss of peak
counts, -depending ‘on the decay scheme of a particular radionuclide.

connecting the same two levels, the peak due to the "crossover® gamma ray
may be enhanced by the “summing in" of coumts due to correlated gamma-ray
pairs which deposit the Same energy in the detector. In general the effect
is small because the product of peak efficiencies is small compared with the

k efficiency of the crossover gamma rzy. (The peak efficiency, epr is
gined here acg the fraction of afl emitte{i gamma rays which are reog;:ded in
a full-enerqgy spectral pesk.) But, if the Crossover gamma—ray probablility
is much lower than that of those sunming, the effect can be significant.
This is true for the 159-keV gamma ray in the decay of 154pu, and
corrections will have to be applied for accurate efficiency determinations
even with moderate separations between detector and source.

If "summing in® occurs, the total peak area, compared to what it would have
been otherwise, isl1 + [ K(a.b.c)sp(a)gpth /gp(c)l, where indices a and b
represent the cascade gamma rays and c represents the crossover, and
Klab,c} is the probability for the a and b gamma rays to be emitted in
cascade relative to the probability for the emission of c¢. If more than one
pair of gamma rays can sum to the crossover energy, other terms like that in
the sguare bracket must be added. Therefore, an chserved peak must be
dividedbyl +: [K(ai,bi,ckp(ai) ep{bi) /ep (c)] in order to get the counts
due to ¢ alone. Table 2 cortains valves of Kia,b,c) which have been
calculated for the three radionuclides.
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Two factors usually make "summing out" of a peak due to the simultaneous
detection of a correlated radiation much more significant. It is not
required that the summing pulse is one that otherwise would have been stored
in @ peak; therefore, the total efficiency (e = the fraction of radiation
emitted at a given energy that generates pulses of any size in the system)
must be considered. This efficiency is often much greater than the
corresponding €, so that it is easy to underestimate the effect if the
areas of sum peaks are used as a measure. Secondly, the narrow peaks
characteristic of germanium spectrometers suffer losses with any sammed
pulse, even gquite small ones. Summing pulses smaller than those which would
correspond to a full-energy peak for correlated radiations can result from
Compton or photoelectric interactions in the shielding or can result from
partial energy loss or incamplete charge collection in the detector.

It would then appear that the total efficiency would also have to be
measured at many energies, but in general it varies slowly with energy above
100 keV, and attenuation in detector housings or added absorbers often
reduce it in a calculable way at lower energies. radionuclides
for total-efficiency measurements are 1251, 24lam, 108¢3, 139¢e, 137¢cs,
S4un, 60co, and B8Y. A1l of these are issued as NBS standards, which are
also useful for determining peak efficiencies. ' Alternatively, radionuclides
can be calibrated with sufficient accuracy for total-efficiency measurements
by the user from an efficiency-energy relaticn established with this long-
lived standard at a sufficient distance from the dGetector that ‘sunming is
small. Note that the effect of correlated summing may be significant, even
for total-efficiency measurements, with 1291, 60Co, and 88y, if the geometry
is tight. In any case, the contribution of x rays and other gamma rays must
be removed by subtraction of known lower—energy contributions or
extrapolation of the spectrum through low-energy-peak regions. A curve of
the total efficiency vs enerqy for a point source at 26 centimeters from a
60—cw? wrap~around coaxial gemanium detector is shown in Figure 3.

Beta-ray or conversion electron efficiencies may be appreciable if
sufficient absorbers are not present, and can also cause “summing out™. In
most calculations, including the ones we are going to suggest, it is assumed
that electrons, and L and higher—shell x rays, are not detected. K x rays
often are important, especially in muclides decaying by K-electron capture.

The peak area for the rth radiation with summing out by radiation s is
related to that which would be measured without the effect by

1 = Kis,tlec(s), where K{s,r} is the probability for the simultaneous
emission of the two. If there are other summing possibilities, the total
effect is not simply 1 - IK(sj,rle¢(sy). If the efficiency is

large, additional additive teims sach as ZE(sqskr) € (s4) B dsy) can be
significant (and possibly analogous terms containing t.ge product of three
efficiencies must be subtracted, and so forth). We have calculated all
pertinent Ks for these three radionuclides (and many other), and will supply
the full set on request. However, the first-order terms given in Table 2 will
probably be sufficient uniess the source is close to the detector and the

required accuracy is high.
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There are two further complications, In general, angular correlations
between pairs of correlated gamma-rays (not x rays) must be taken into
account by introducing factors multiplying each K. For the present
radionculides these are sufficiently close to 1 that we do not list them here.
This may not be true of other radionuclides that vsers wish to measure. The
second complication is that the discussion so far has been for point

sources; if .the sources are extended, high accuracy results will require a
measurement of €y and a calculation of the summing effect at different
locations, and then an integration over the volume of the source.

This discourse on summing effects does not appear because these standards
are especially troublesome in this respect; quite the opposite is true.
(Compare them with 166PHot) If nsers must comnt at high efficiencies and
yet require accuracies of better than 10 percent (or even 50 percent, in extreme
cases), there is another alternative to the admittedly laborious summing
corrections. They should ignore the concept of an efficiency-energy
relation, and calibrate the detector directly in terms of appearent peak
efficiency for selected gamma rays of the radionuclides which will be
measured. If standards are not available, the radionuclides can be
calibrated in the laboratory by establishing an efficiency-energy relation
with this standard at a source-detector distance where summing is a fraction
of a percent for all radiomuclides (probably 25 centimeters or morel.
Concentrated solutions of the radionuclides {or mixtures thereof) can be
calibrated at this distance, using tabulated Pys and taking into account
container and source absorption and other corrections., ‘hese solutions can
then be quantitatively &iluted (to probably better than 1 percent by simple
volume measurements, if the initial volume is greater then a few ml) and
counted in the usual gecmetry.

.S-Qﬂmxmms

We have intentiopally not given emission rates for weaker gamma rays,
although many users might £ind them convenient. In many cases the values
have not been measured well, as evidenced by the considerable discrepancy
with literature values. If accurate valucs become available, purchasers of
standards will be informed, although our feeling is that more accurate
efficiencies will result from using separate standards with less background.

6. s ] E !-' Q bi. l-

The solution SRMs 4276 and 4276-B are provided in 4 M hydrochloric acid, which
has a density of 1.06 g cw™= at 23°C. They also contains 30 ug each of

Sb*3 and Eu'3 per gram of solution. A similar carrier solution should

be vused for dilutions.

If sources of this mixture are to be evaporated to dryness, care must be
taken to avoid loss of 1258b through volatilization. ‘The present point~

source standards (SRM 4275 and 4275-B) were prepared by taking to dryness deposited

sources in a hydrogen sulfide gas atmosphere such that the antimony is
precipitated as the orange Shoss.



) TABLE 1

Considerations for Peak Analysis for SEM's 4275-B and 4276-B

h
# !
i Camzme Bay - ]
Evergy (kev¥) nrce Lonflirt :
!
27.4 wa-us”ch‘n x T3y 24.36 LeV germanium escape peak
fron a 35.46. keV ¥ in }
- 26.51 keV v in 155gy g g5% of
the 27.4 keV Kax-ray emission
42.8 15450155, kg x ray 3} sce footmotes
86.6 135py BE.062 keV vy i 155 o 498 of
the 86.6 keV¥ vy emistion
105.3 ) 155pyn 104.3 eV backscatter pul:_ of
the 176.4 tzvlzsi; 125gp
. 109.27 keV y in 12587, p_gox of
the 105.3 keY y emission
123.1 A5dgy 122.2 keV Comptos edge of the
248.04 eV y in L
176.4 I25gy 2192.6 koY ¥y ix 123qy, 3.9%
’ 178.8 keV backseptiér peak of .. .
the 591.7 keV oy in 154p,y
179,35 key average Backseatter
. pesks of the G00.6 and ) .
.o Yo Co o 60E.T keV ¥'d e 1sh g0 M v
243.0 iS4z, 252.5 keV double“escape peik of
the 1274.4 keV y in Ew.
“ 380.5 1255y 2) see fuotaotes
7 427.9 125g; 421.3-426.9 ke¥ Compton edges of
i " the 600.6 and 606.7 ke T's
- . ip 1255y
463 .4 1255y 8) setc footnotes
591.7 i54g, 2) sec footnotes
600.6 25y, © 606.7 keV ¢ in 12395y, 27 8% of
. “the 600.6 keV y emission - N
635.9 125gy ) 8) sec footnotes )
423.3 154, T15.8 2V y in 154gg ¢ gow of
the 723.3 keV v cuixsion, b)
154gy a) sec footuotes
154p, I004.2 keV v in 19Ey 162 9% of
the 90£ 4 Lov ¥ emizsion, bj
{ 1004.8 154p, © 9964 koV 7 in IS4Eg 59.2% of the
19004.8 ke¥ y emission. b) .
!
1274 .4 154g, 2} see footnotes :
1595.5 154g, a) see footnotes i

&) No significent conflicts are expected for semisonductor detectors of good resolution,

. b) Conflicts may depend on specific detector resolution ang comnting rates,
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Origin and Effects of Impurities in High
Purity Gold'

David f Kinneberg and Stephen R Williams
Metator USA Refining Corporation, PO Box 255, North Attleboroygh, Mass., USA

and D P Agarwal
Leach and Garner Company, PO Box 200, North Atideborough, Mass., LSA

Chemical specifications for high purity gold have grown increasingly stringent as manufacturers sirive to
improve quality control. Once 999.9-fine grain and bullion bars were accepted without question; today
sophisticated users insist on knowing impurity levels or, at least, the source of the gold. This paper
demonstrates why. Using glow discharge mass spectrometry, concentrations of seventeen elements were
measured in hallmarked bullion bars and grain from different sources. In 89 percent of the samples, gold
bullion met or exceeded hallmarked purities. As expected, the principal impurity was silver followed by iron,
copper and Jead. At surprisingly low levels, some impurities can impact manufacturing processes, resulting
in hard spots, embrittlement, blistering, and discoloration. After reviewing why various impurities are not
entirely removed by the prevalent refining processes, this paper examines the effect of the significant
impurities on manufacturing processes. Since the only means of dealing with excessive impurity levels is to
refine contaminated metal, we conclude that manufacturers are exercising reasonable prudence by carefully

evaluating incoming gold bullion in order io hold down overall production costs.

Markets for gold buflion are robust and diverse; a wide
array of choices is available to purchasers of gold bullion
for jewelry manufacture. Commaodity products range in
purity frorn 995-fine ‘good delivery’ bars to kilobars and
grain hallmarked at 999.9 fineness. (Fineness refers to
gold content measured in parts per thousand; a fineness
of 999.9 equals 99.99 per cent gold.) The option also
exists for higher purities or bullion purchased against a
company specification. Each of these products carries its
own availability and price, on top of the usual variations
in the market value of the gold.

How should a purchaser respond? On the one hand,
lower grades (less than 999.5 fine) command little or no
premium and are generally more readily available. On
the other hand, while the gold content of bullion is
precisely known, what else is present that could lead to
manufacturing difficulties? Just how serious is the risk of
impurities disrupting the manufacturing process or
comprormising preduct quality?

The purpose of this paper is to provide
information on the quality of gold bullion. Since
999.9-fine gold has become the standard in the

marketplace, we focus on this commodity. What are
the impurities in 999.9-fine gold and where do they
originate? Which refining processes result in the lowest
concentrations of impurities? And most important of
all, which impurities carry the highest risk of
disrupting a manufacturing operation? These are the
questions we address as we explore whether buyers
should purchase against a clearly defined specification
of impurity levels or be content with a simple
measurement of gold cortent, After all, 999.9 is almost
1080 - are further specifications warranted?

CLASSIFICATION OF IMPURITIES

A natural starting point for discussing impurities in
gold bullion is ASTM Specification B-562, the anly
widely accepted criteria for high-purity gold bullion.
{(This is not to say that ASTM B-562 is widely used in

! This article is based on a presentation given at the Santa Fe Symposium
on Jewelry Manufacturing Technology, 1997
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the industry as a purchasing specification; to enhance
hquidity, bullion sellers and traders generally resist efforts
to characterize impurities.) Table 1 summarizes impurity
levels by bullion grade. At the low end of the spectrum,
99.5 grade (995 parts per thousand) simply requires a
minimum gold content, This is the only grade that
actually requires that the gold content be measured; gold
contents for the other grades are calculated by difference.
Five elernents are considered in the specification of
999.5-fine gold. These include three elements commonly
used as allaying agents (silver, copper and palladium) that
will probably be added during manufacturing anyway.
The other two elements, iron and lead, are recognized as
having serious consequences during processing. The
nurnber of specified elements increases substantially in
the 99.99 grade; thirteen elements are listed, from
arsenic, bismuth and chromium to nickel, manganese
and magnesium and ending with silicon and tin. Of
course, the five elements of the 99.95 grade are included
as well. Surprisingly, the list decreases in going to the
99.995 grade — arsenic and nickel are dropped. {For
reference, Figure 1 graphically compares the magnitude
of impurity levels by bullion grade.)

Now that the elements specified in ASTM B-562
have been presented, something must be said about the
omissions. Platinum, a comman impurity in geld, is not
listed, presumably because it has a higher monetary
value than gold and confers few deleterious effects
during manufacturing. Other platinum group metals,
thodium, rutherium, osmiurn and iridium, are also not
specified, nor are any of the classic non-metallic

Table 1 Chemical requirements for gold bullion as given by

ASTM B-562
Concentration, maglkg
Gold Grade (%} 99.5 99.95 9399 93,085
Sitver - 350 90 19
Copper - 200 50 10
Palisdium - 200 50 10
ron - 50 0 0
Lead - 50 20 10
Siicon - - 50 10
Magnesium - - 30 10
Arsenic - - 30 -
Bismuth - - 20 10
Tin - - 10 i0
Chromium - - 3 S
Nickef - - 3 -
Manganese - - 3 3

5000

4000

a'kg

£ 3000

Py,

FImpurid

2600

3

Ty

1000~

gox 9.9 9095
Gold “CGrmde”

9908 99805

Figure 1 7Total impurities as a function of gold grade’

elements. By this we mean, oxygen, sulfur and carbon.
Chlorine, used in most gold refining processes in one
form or another, is not mentioned. Again one assumes
that these elements have been found historically to be
irrelevarit in characterizing gold or do not have a major
impact on gold alioys (a potentially risky assumption in
the case of chlorine which can react with all major
constituents of jewelry alloys). Other elements that
impact alloy properties and would be suspected to be
presenit in gold from primary sources, yet are not
included in ASTM B-562, are antimony, seleniumn,
tellurium and mercury. Thus ASTM B-562 presents a
variety of metallic elements for consideration but omits
many others. To protect themselves, industrial buyers
often target other elernents. (In fact ASTM B-562 clearly
states that, “by agreement between purchaser and
manufacturer, analyses may be required and limits
established for elements not specified” by ASTM B-562.)

Of the approximately one hundred elements,
relatively few require measurement by industrial or
commercial agreements. Of course, analyzing for all
elements would be difficult and costly and serve no
practical purpose. In this regard, the argument for
‘inclicator’ elements has merit. By this, we mean selecting
one element from a chemical family whose concentration
serves as an indicator for other elements in the family.
Thus palladium can be viewed as an ‘indicator’ for
platinurm-group metals; high palladium concentrations
point to the need fo check for other family members
while low values indicate that other platinum-group
metals are probably not present. Combining the use of
‘indicators’ with a knowledge of which elements may be

@& Gold Bulletin 1998, 31(2)
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present in refined gold and which may be deleterious to
manufacturing operations allows the list of candidate
elements to be dramatically reduced.

Nadkarni and Agarwal (1) classified gold
impurities into three categories: metallic or elemental,
non-metallic and radioactive. Radioactive impurities in
gold, such as uranium and thorium, are important to
industrial users because of the effects of small amaunts
of radiation on electronic components but are not
generally a concern to jewelry manufacturers. We will
not consider radicactive impurities further. Similarly,
non-metallic impurities, for example oxide particles
containing chromium or rnagnesium that cause
problems when gold is formed into very thin wires or
strips for industrial products, will not be discussed.
Elemental impurities, fortunately the easiest to detect,
form the most important class of impurities with
regard to jewelry fabrication. Here we will consider
silver (more because it serves as a convenient model for
discussing mechanisms of impurity transport during
refining than because of manufacturing implications),
lead, iron, and silicon and other related metals. But
before discussing the effect of impurities during
manufacturing, it is necessary to consider methods for
measuring the concentrations of these elements in gold
bullion and review how small concentrations of these
elements traverse the refining process.

ANALYTICAL METHODS

Fire assay, one of the most precise and robust analytical
techniques developed by mankind, has little or no
place in a discussion of impurities in gold bullion.
Since a fire assay cansists of collecting the precious
metals from a particular sample into a bead and
comparing the weight of that bead against the original
sample weigﬁt, the technique is limited to measuring
overall precious metal content. While fire assay can
determine whether bullion is 295 or 999 fine, up to a
limit of 999.9 fine, it cannot identify which impurities
are present nor their respective cancentrations. For this
reasori, ASTM B-562 requires a minimum gold
conient, performed by fire assay, only for the 99.5
grade. For higher purities, the concentrations of
significant trace elements are measured and the balance
assumed to be gold. Obviously when using such a
method, all significant impurities must be considered,
atherwise the calculated gold content will be in error.
Fire assay can be used as a check.

Several techniques exist for measuring impurity levels
in gold bullion. Most commonly, a sample is dissalved

into solution and the concentrations of the wvarious
elernents are measured by spectroscopic means. This can
be. done by atomic absorption spectrometry or D.C.
plasma spectroscopy (2). [.C. plasma spectrometry can be
used for solutions og, in some cases, can analyse a solid
sarnple directly. The advantages of eliminating the
dissolution step are twofold: {1} if an impurity does not
dissolve, its concentration cannot be determined in
solution; and (2) impurities from glassware and
laboratory  reagents do  not contribute to the
measurement. Other techniques that avoid dissolution
are rmass spectroscopy, X-ray fluorescence and spark or
arc ernission techniques. OF these, mass spectroscopy has
emerged as the technique of choice for high-purity
materials because of its ability (o measure trace
concentrations of virtually all elernents. This feature
alone minimizes the risk of overlooking a particular
element when determining gold content by difference.
While bullion producers rely on several techniques
for measuring ‘average’ or ‘bulk’ concentrations of
impurities in gold, other techniques are more
appropriate for jewelry manufacturers. In particular, a
scanning electron microscope (SEM) equipped with an
EDS (Enecrgy Dispersive Spectrometer) probe allows
one to focus into very specific areas on a specimen
and determine ‘localized’ concentrations (3). If a
fracture occurs, or a hard spot exists, those elements
present at the point of trouble can be determined. This
is crucial since deleterious elements tend to segregate
along grain boundaries and lattice imperfections
leading to ‘localized’ concentrations that are many
times larger than ‘bulk’ concentrations. While bullion
producers must rely on ‘bulk’ methods to characterize
their homogeneous product, jewelry manufacturers
must recogrnize that small ‘bulk’ concentrations can
lead to highly concentraied Tocalized” impurity levels.

REFINING PROCESSES

Process Descriptions
There are basically two approaches for refining gold (4).

- The first and aldest {dating back to the discovery of nitric

acid in the Middle Ages) is dissolution followed by
precipitation. Impure gold is dissolved into a chloride
solution using a strong oxidant such as nitric acid. The
solution is then filtered to separate undissolved or
precipitated impurities {principally sitver chloride) from
dissolved species. After filtering, a selective reductant,
generally a sulfur compound such as sodium sulfite or
sulfur dioxide gas, is added to precipitate gold as a sponge.
The sponge is rinsed several timeas, dried and melted.
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Much research has been performed on improving
the dissolution/precipitation process in recent years.
Besides examining a wide range of oxidants and
precipitation agents, solvent extraction has been
incorporated into the process. In this step, dissolved
gold is selectively transferred from an impure aqueous
solution into an organic phase and then returned to a
relatively pure aqueous phase for reduction. Direct
reduction from the organic phase is also possible. The
selective action of the organic reagent rejects unwanted
impurities and allows reduction to be carried out from
a ‘purified’ process stream.

The other established refining process, and the one
practiced by most diversified refineries, is chlorination
followed by electrorefining. This process has been in
existence, basically unchanged, for over one hundred
years. Dhuring chlorination, impure gold is charged to
a fumace, and after melting, chlorine gas is sparged
into the bath. Chlorine bubbles, rising upwards
through the molten metal, initially react with base
metal impurities such as iron and zinc to form volatile
metal chlorides that leave the fumace. Once the
gaseous metal chlorides are removed, molten chlorides
of copper and silver form and float to the surface of
the melt to be removed as a slag. Given enough
chlorine, essentially ali the base metals and silver can
be remnoved, resulting in gold purities of up to 99.5%
if platinum-group metals are not present. {Platinum-
group metals do not react with chlorine.) At this
point, however, gold begins to react with chiorine and
form gaseous chlorides. To prevent gold losses, most
refineries stop chlorinating well below 99.5% and
pour off the product to be refined electrolytically.
Chlorination is commonly known as the Miller
process after one of its first practitioners.

Relatively pure gold from the chlorination furmace
containing small amounts of base metals along with
platimun-group metals is next cast into anodes. The
anodes are immersed in a warm solution of gold
chloride opposite cathodes made of titanium or thin
gold strips. An electric current is forced to flow
between electrodes causing gold in the anodes to
dissolve into solution and gold in the sclution to
deposit on the cathodes. Impurities in the anodes
either form inscluble particles (principally silver
chloride) or dissolve into solution but do not deposit
on the cathodes. Over time, soluble impurities huild
up in solution requiring that i be replaced. Cathode
deposits from the cells are stripped (if titanium blanks
are used), thoroughly rinsed and melted. Flectrolytic
refining of gold is known as the Wohlwill process after
its inventor.

Each of the two refining schemes has its advantages
and disadvantages (5). Mille/Wohlwill requires a
significant capital expenditure (both for equipment
and operating capital), but is capable of handling a
wide diversity of incoming feedstocks.
Dissclution/precipitation can be carried out at any
scale at a rapid pace but is only applicable to acid-
soluble feedstocks. Since both processes rely on
aqueous chloride chemistry, the mechanisms by which
impurities contaminate the final product are sirmilar.

Mechanisms of Contamination

Inevitably, the principal confaminant in high purity
gold is silver. Comprehensive discussions of silver as an
impurity-can be found in the literature (6). Other than
diminishing the intrinsic value of the final product, the
small conecentrations of silver found in 999.9-fine gold
have little deleterious effect on jewelry manufacturing
processes; irt most cases, much greater amourts of silver
are being added anyway. (Typically, 10K and 14K alloys
cortain  over 10 pement silver) However, the
mechanisms by which silver contaminates refined gold
are worthy of discussion: since other impurities follow
similar phths; and, as a chloride salt, silver can carry
with it a much less tolerable impurity, namely chloride.

In oxidizing solutions with high excess chloride
concentrations, silver is soluble to a surprising degree.
A typical solution at room temperature can hold over 1
g/l Ag as a complexed chloride species Ag(Cl),1* where
x can range from 1 to 3. Other factors further enhance
silver chloride solubility, principally temperature
{elevated in refining solutions to promote rapid
kinetics} and aging time (silver chloride particles are
freshly formed in refining solutions and as such are
very amenable to dissolution). Thus silver is present as
finely divided silver chloride particles and as dissolved
silver chloride complexes. At least three averues
therefore exist for contamnination to occur:

1 Migration/convection of particles to a porous gold
surface followed by entrapment in the solid;

2 Entrainment of solution in the porous gold
surface; and

2 Reduction from solution and incorporation into
the lattice,

Of these, the first predominates. Cathodes from a

Wohlwill operation or sponge from precipitation are

always rinsed in solutions specially selected to dissolve

silver chlotide.

Accepting that process solutions always contain
solid silver chloride particles, various strategies have
been developed to prevent particle transport into the
gold product. Here the leach/precipitation process
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offers advantages over electrowinming (assuming, of
course, that feedstocks do not contain so much silver
that dissofution is impeded by the formation of tightly
adhering silver chloride, in which case, dissolution
cannot be used}. Leach solutions generally are allowed
to cool before being passed through highly retentive
filters prior to precipitation. Besides rernoving silver
chloride, other insoluble or ‘slimes’ constituents are
remaoved as well. These include platinum-group metals
(rhodium, osmium and iridium). Bven after filtration,
silver chloride particles can precipitate out of solution
because of dilution effects when gald is precipitated. In
the Miller/Wohlwill process, most silver is removed
during chlorination. But the small amount remaining
is not captured during electrolysis by filtering
solutions. Instead, quiescent or mildly stirred
conditions are maintained to allow particulates to settle
to the battomn of electrolytic cells. Some operations
utilize porous bags to retain silver chloride slimes in
the vicinity of the anode.

Any solution caught in porous cathodes or gold
sponges carries with it all of its dissolved constituents.
These impurities precipitate as salts during drying or
melting. At that point, whether the impurity dissolves
into molten bullion depends on salt stability at high
temperatures and in the presence of reducing agents
(for example, graphite in the crucible). While silver
chloride is thermally stable, it can be recduced relatively
easily into a gold matrix. Thus, most dissolved silver
chloride carried out of the precipitation reactor or
electrolytic cell, ends up in the final product as metallic
silver. Other soluble #mpurities such as palladium and
platinum will also be reduced to the metallic state
during melting while others such as calcium and
sodium will not be. Copper, found in high
concentrations in dissolution liquors and electrolytes,
can be captured by suitable fluxing.

The last mode of silver contarnination is reduction
10 the metallic state in the precipitation stage or by the
cathodic potential. The chemical reaction for silver
chloride reduction can be written:

AgCl ™ (ag) + & = Ag® () + x CI {aq)

whete electrons are supplied either by the reducing
agent during precipitation or at the cathode during
electrorefining. Thermodynamically, this reaction
should not proceed if even small concentrations of
gold are present in solution, assuming a unit activity
for the solid. However, silver is actually being reduced
onto a pgold lattice containing litde silver. This
additional driving force must contribute to some

reduction. A detailed investigation of this mechanism
would be useful but to date nothing has been reported
in the open literature. Other elements may also be
reduced. Lead, thallium and bismuth and mercury all
act as depolarizers in gold plating baths (7). These
elements form adsorbed monolayers on gold surfaces at
potentials positive to those at which bulk cathodic
deposition begins. Such phenomena may also occur in
chloride solutions.

The rationale for solvent extraction should be
apparent from this discussion. By extracting gold from
leach solutions into another liquid phase, one can
avoid the carry-over of impurity elements and
subsequent contamination of precipitated gold.
Nevertheless, small concentrations of some impurities
such as silver still find a route into the final produet,
either by physical entrainment or coextraction.

GOLD BULLION SURVEY

To get an idea of the range of impurities found in fine
gold bullion in today’s market, we purchased gold grain
or small bars from nine different refineries and analyzed
the gold bullion by glow discharge mass spectroscopy.
Refineries were selected based on the availability of their
product to US jewelry manufacturers. Large, integrated
facilities known to practice chlorination/electrorefining
were selected along with smaller refineries which
practice dissolution/precipitation. No attempt was made
to make the sampling statistically meaningful. Rather,
grain or bars were purchased from standard sources on a
‘grab’ basis - the sample grabbed by the seller was the
sample analyzed. If the purchase was grain, a small
armnount of sample was melted in a laboratory induction
furnace and poured into a pin mold. If the samnple was a
bar, drill samples were taken and the drillings melted in
the laboratory furnace to produce a pin. (To confirm
that ne contamination occurred during drilling, a drill
sample from one bar was compared with a sample taken
with an evacuated glass tube after the entire bar was
melted.) Concentrations of seventeen metallic elements
were measured in the sampies. Results are presented
in Table 2.

Of the samples acquired, nearly 89 percent met or
exceeded their hall-marked purity levels. Sample A
failed. In this case, the gold grain contained over 2000
mg/kg of various impurities. While conclusions should
not be drawn about the marketplace as a whole from a
non-statistical survey, this illustrates why consumers
must deal with reputable sources capable of providing
certified analyses of their products.
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Table 2 Concentration of impurities in bullion products from nine different precious metal refineries as measured by glow discharge
mass spectroscopy. All values given inn mg/kg (ppmy), except for gold which is given in parts per thousand

Etement A B c
Mg 0 0.2 61
S 06 (1% 19
Cr 03 0.1 01
(7 0s 0z 01
fe 28 24 45
Ni 27 04 01
Cu 1037 1% 16
As 62 0o 08
Zr a2 e o0
Pe 43 13 12
Ag 23000 432 57.8
in 45 01 00
132 04 04
3 o0 00 63
Pt o1 08 3
P 62 23 ot
3 0.3 03 03
UM 24417 572 678
Au imeasred) ppt- 90756 29904 ey
At {as purchased) ppt G905+ G998+ 809.9+
Form Grain far Bar

The data in Table 2 show that, as expected, silver
was the predominant impurity in afl samples, at much
higher concentrations than any other element. For
999.9+ fine gold, silver concentrations ranged from less
than 20 mg/kg in two cases, to about 70 mg/kg. For
999.5-fine gold, silver was up to 120 mg/kg. (Sample A
had 2000 mg/kg). Other elements were found at levels
substantially less than 10 mg/kg. Next to silver, iron
and copper were the next most prevalent impurities at
concentrations of about 5 mg/kg. Lead was measured at
approximately 1 mg/kg. Other elements found at about
the | mg/kg level were palladium, platinum and silicon,

The range of impurity concentrations from batch
to batch for two different refineries is presented in
Table 3. Here four different batches of 999.9-fine gold
grain from each refinery were analysed separately.
Variation s plainly evident but not so much as to
negate the observations given above.

Lastly, for the sake of completeness, two samples
were subjected to a complete elemental scan to
determine if any impurities had been overlooked. The

Concentration, mglkg

o E F G H I
ot 05 03 0 65 (R
05 00 0% ] 00 26
01 05 0z 62 €3 05
ot 03 02 0.1 03 04
24 41 63 15 &9 1.7
03 02 02 01 02 02
13 43 08 09 14 124
oL 01 01 01 0t 00
08 0 08 01 02 00
¥} 0% 08 24 (153 13
559 L1 404 185 158 %3
0.1 ot o 0 01 a0
12 03 02 05 08 03
0z 04 ot 0z o0 86
02 o8 02 12 00 36
01 02 at 0z 18 0t
03 00 ot 03 a8 05
63.4 87 515 784 1565 56.6

T 982,05 999.85 3097 99987 99094

§99.5+ 9009+ 909.9+ 8959+ SBA5« 9999+
Bar Grain Grain Grain Grain Girain

results are presented in Table 4. Because of the need
for precise standards when performing such analyses
and the fact that these standards are not available for
many aof the elements included in Table 4, results are
given as ‘Tess than 1 mg/kg for elements measured at the
parts per billion level. Results for nitrogen, oxygen and
chlorine are not reported for similar reasons. As
indicated, there are no other elements in these samples at
cancentrations ahove 1 mg/kg except those that were
initially selected for analysis.

Overall, the fineness of 89 percent of the gold
bullion acquired in this survey met ASTM
specifications, In these samples, few elements other
than gold were found in gold bullion at measurable
levels, Of these impurities, silver predominated.
Significant concentrations of copper, platinum,
palladium, lead and, in some cases, silicon, were found.
(Al of these elements, except platinum, are included in
ASTM B-562, more or less validating its selection of
impurities,) Given that silver and copper are common
alloying elements, we will only further address the other
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Table 3 Vartation in impurity concentrations for butlion products from fwo diffarent precious metal refinerics as measured by glow
discharge mass spectroscopy. All values given in mg/kg (ppm), except for gold which is given in parts per thousand

Element Et E2 E2
Mg 02 04 (R}
5i 0.0 o6 04
Cr 02 04 01
W 02 02 i
Fe &9 a7 32
Ni 0z 0.2 b
Cu 56 72 33
As ol g2 41
Ir 01 g2 @1
P 12 15 a7
Ag 324 421 188
In [} 01 00
03 02 02
3 a5 05 04
3 08 14 07
P 04 G.1 ol
Bi 43 08 03
SUM 481 652 281
B fresured) ppt Q98,05 999.93 98997
Au {as purchased) ppt 4999+ 4399+ 29909+
Form Grain Gramn Grain

three significant contaminants, lead, iron and silicon,
which are known to have deleterious effects during
manufacturing.

EFFECTS OF IMPURITIES

Given that measurable quantities of lead, iron and
silicon are found in most bullion products, it is
appropriate to review at what concentration levels
these elements begin causing problems during the
manufacturing process.

Lead

Lead is one of the most {if not the most) detrimental
of bullion #mnpurities in applications requiring
mechanical working and high ductility. Rose (8) noted
as early as 1894 that “less than 0.1 percent bismuth,
tellurium or lead renders the gold brittle, owing to the
distribution of Bi, AuTes, or AupPb hetween the grains.”
Rase referred to Nowack (9) who showed that at 600
mg/kg lead, both a 10% copper-gold alloy and pure gold

Cencentration, malkyg

E4 | 12 13 7]
05 o1 00 o o
ap 26 08 [ 2 158
o5 06 01 62 02
0.3 04 o1 6.2 62
it 17 01 0.7 28
02 6.2 41 a1 at
43 124 45 59 14
o L 0 0o o
01 LT 09 0.1 08
09 7.3 34 45 33
k3 763 125. 468 599
03 0g 58 is o1
03 03 02 02 03
04 06 02 12 11
06 16 i? 25 20
02 o1 o0 Do 00
60 05 03 o5 03
482 5656 @09 Ti4 893
99.56 90994 9091 99093 9509%
099.5+ 00 9959+ 9909+ 9889+
Grain Grain Gorsis Grain G

are unrollable but that additions of 50 mg/kg had no
effect. Bven so, many manufacturers set 50 mg/kg as their
upper limit for acceptable lead concentrations. Without
question, the concentration at which lead causes
embrittlernent is low, probably less than 100 mg/kg.
Figures 2 and 3 present visual proof of the effect of
lead on gold alloys. Figure 2 shows an SEM
micrograph of a gold-lead compound at the grain
boundary of 14K white gold. In this case, the average
concentration of lead in the sample was 400 mp/kg.
Figure 3 shows another example of lead segregation at
grain boundaries, Here, the light-colored particles are
gold-lead precipitates covering the surface of a grain
exposed after a fracture occurred in a 14K alloy.

Iron

From a solubility viewpoint, iron should not segregate
in gold alloys. Alloys containing up to 25 percent iron
have been used for jewelry in Europe. Rose {8) noted
that additions of even more than 1 percent iron have
only a slight effect on the rolling properties of gold.
The phase diagram for gold-iron bears this out.
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Table 4 Concentration ranges for elements detected in gold
bullion samples by glow discharge mass spectroscopy

Congentration, mgikg

Sample J Sampte K
<1 1-10 A0 <t 1-10 10,
BeB S Ls Li, Be Ti Ag
Mg, Al P Na B, Na Cu
G K Ti Cu . Mg, At Ru
Ca.5¢ Fe Ag SiP Fd
V.Cr Zn CLK Ir
#Mn.Co Ga Ca,5c P
Ni, Gz Pd VG
As, Br Pt in, Fe
Se,Rb 2 o, Ni
Y ZniGa
Zr; N GeAs
Me; Ru Br, Se
Ri, Cd R, §r
n.5n Iy
shf Nb, Mo
Ta, Cs &, Ca
Bala I, 5n
Ce,Pr St
Nd, B Te.Cs
Sem, 54 Ba.ta
o Oy Cei e
Ho, Er N4, Eu
Tm, Yo Sm, Gd
Lu, K To, Dy
Ta. W Mo, Er
Re, Os FTm.¥b
Ir, Hy Lee, Hf
T8 T W
Th, U Re, Os
HgT
Po,Bi
ThU

However, as anyone who has ever tried to prepare gold
standards containing a small amount of iron knows, it
is not a trivial matter to add 100mg/kg iron to pure gold
and end up with a homogeneous alloy. While iron
should dissolve imo pure gold from a thermodynaric
standpoint, its relatively high melting point makes the
addition of small amounts of iron to gold difficult.
Conversely, small amounts of iron can salidify in casting
alloys, causing ‘hard spots’, if conditions are right.

Figeee 4 dernonstrates this point, Shown at 144 X
magnification is a hard spot on the surface of a 10K
casting ring. An EDS analysis showed that iron was
present in the alloy along with boron. Figures 5 and 6
give further evidence of iron inclusions. Figure 5 shows
the surface of a casting at low magnification while Figure

6, at higher magnification, indicates iron particles as dark

spots in the alloy matrix. Thus jron, when crudely added
to gold alloys, can Iead to surface imperfections and hard
spots. However, the small concentrations of iron found
in gold bullion are already dissolved in gold and unless
another element is added to the mixture that would
cause iron to coprecipitate, such phenomena are unlikely.

Silicon

- A classic example of the insclubility of one element in

the solid matrix of another is the gold-silicon system.
There 1s practically no solubility of silicon in gold. It
has been shown that silicon tends to segregate as
separate particles in gold at levels as low 200 mg/kg
(10). Figure 7 presents an SEM micrograph from this
work showing black specks of segregated silicon whase
*bulk’ concentration was measured to be 200 mg/kg.
Levels of silicon above 200 mg/kg typically result in
the formation of a gold-silicon eutectic at grain
boundaries. The segregation of the eutectic at the
boundaries makes gold extrernely brittle and can cause
problems during soldering operations {11).

Silicon is commonly added to karat gold castings as a
brightening agent. Occasionally, however, some castings
exhibit ‘hard spots’, a defect typically associated with
silicon segregation. Figure 8 shows a hard spot consisting
of segregated particles of silicon. This type of casting
defect was found in the cross section of a 10K yellow ring,

Figure 2 SEM micrograpt: of lead segregation at the grain
boundaries of a continuously cast 14K white gold.
Average lead concentration measured ar 400mgtkg
by atomic absorption spectroscopy (2,420 x
‘magnification)
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Figure 3 SEM miicrograph of the surface of 2 grain exposed
after fracture occurred in a 14K alloy. Light areas
represent lead precipitate (7,500 x magnification)

Figure 5 SEM micrograph of the surface of a gold alloy
showing iron inclusions (80.3 x magnification)

Figure 4 SEM micrograph of the surface of a 10K casting ring
showing a hard spot caused by iron and boron

{144 x magnification)

Silicon can also combine with other elements in
the gold alloy and precipitate as a compound at grait
boundaries. The segregation af silicon and iridiumn is
shown in Figure 9. In this micrograph of a 14K yellow
ring, the dark areas show silicon and the bright areas
tridium. This type of segregation appeared as a white
discoloration on the cast surface. Silicon can also
combine with nickel, forming nickel silicide in 10K
white castings (10). Once again, nickel silicide forms at
the boundaries betiveen the alloy grains leading to
embrittlernent of the casting.

CONCLUSIONS

In this paper, we have reviewed the various issues
associated with impurities in gold bullion. After
discussing the two basic refining processes in use

Figure 6 SEM micrograph of the iron inclusions shown in
Figure 5 ar higher magnification. Dark areas
represent lron particles (655 x magnification)

today, we described how it is possible that small
amounts of some elements can traverse the
purification sequence and contaminate fine gold.
Several mechanisms exist for contamination to occur
and one refining process, per se, does not have a
particular advantage over the other with regard to
purity. If properly operated, both the classical
chlorination/electrorefining and dissolution
/precipitation refining processes result in high-quality
gold. If operated improperly, neither does. We then
surveyed the output from nine different refineries that
produce gold grain and bars commonly used by
jewelry manufacturers. Using glow discharge mass
spectroscopy, we found that in nearly 89 percent of
the samples acquired in our survey, the gold bullion
met or exceeded hallmarked purities. The distribution
of impurities was remarkably similar regardless of
refining technique. As expected the major impurity in
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Figure T SEM micrograph of silicon partidles dispersed inn gold
matrix. Average concentration of silicon measured at
200 kg (424 x magnification)

fine gold was silver. Other elements found in
significant concentrations were iron, copper, lead and
silican.

Of the elements found in refined gold, lead and
iron typically have the most potential to disrupt the
Jewelry manufacturing process. We reviewed how lead,
fron and silicon, as well as combinations of silicon
with other elements, can lead to embrittement and
hard spots. Because these impurities segregate at grain
boundaries, low levels measured in ‘bulk’ techniques
can be misleading. It is only by carefully controlling
the purity of all constituents in a jewelry alloy,
Including additives, that the quality of the final
product can be assured. In this respect, having certified
analyses of all materials, including fine gold, minimizes
the risks and simplifies investigations of problems
should they arise.
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ORTEC"

Experiment 7
High-Resolution Gamma-Ray Spectroscopy

Equipment Required

« GEM10-70/CFG-SV-70/DWR-30 Coaxial Germanium - GF-137-M-20* 20 uGi *'Cs (30-y half life). A license is
Detector System (Includes detector, preamplifier, cryostat,| required for this source.
liquid-nitrogen dewar, and 12-ft. cable pack); typical - GF-060-M-10* 10 ;Ci ®Co (5.3-y half life). A license is
specifications: 10% relative efficiency, 1.75 keV resolution required for this source.

at 1.33 MeV, 41:1 peak-to-Compton ratio. . e A .
- GF-228-D-10* 10 uCi **Th (698-d half life). A license is

* 659 5 kV Detector Bias Supply required for this source.

* 672 Spectroscopy Amplifier + Personal Computer with a USB port and Windows

* 480 Pulser . - operating systerm

« Four each C-24-4 RG-62A/U 93-Q Coaxial Cables with + Small, flai-blade screwdriver for tuning screwdriver-
BNC Plugs, 4-ft. (1.2-cm) length adjustable controls

* C-29 BNC Tee Connector » OPTIONAL FOR EXPERIMENT 7.4

+ 4001 A/4002D NIM Bin and Power Supply » POSK22-10* 10 pCi 2Na thin source for observing

- EASY-MCA-8K System including a USB cable, and positron annihilation peak broadening. A license is
MAESTRO software {other ORTEC MCAs may be required for this source.
substituted) * Foil-AL-30 10 ea ‘%-inch (1.27-cm) dia. Aluminum

foils, 0.030-inch {0.076 cm) thick

+ Foil-NI-10 10 ea %-inch (1.27-cm) dia. Nickel foils,
0.010-inch (0.025 cm) thick

+ TDS3032C Oscilloscope with bandwidth =150 MHz

+ GF-057-M-20* 20 pCi ¥Co (272-d half Iife). A license is
required for this source.

*Sources are available direct from supplier. See the ORTEC website at www.ortec-online.com/Service-Support/Library/Experiments-
Radioactive-Source-Suppliers.aspx

Purpose

Gamma-ray energies will be measured with a High-Purity Germanium (HPGe) detector and research-grade electronics.
The principles behind the response characteristics of the detector are explained. The high-resolution measurement
results are contrasted with those obtainable from the Nal(Tl) {sodium iodide) scintillation detector previously explored in
Experiment 3.

Introduction

Most of the experiments in this series are written for use with lower-cost detectors and electronic modules. However, in
this experiment, which illustrates the superior resolution capabilities of the high-performance HPGe detector systems,
research-grade signal processing modules have been incorporated to fully utilize the detector's capabilities.

Many colleges, universities, and naticnal research laboratories have Nuclear Spectroscopy Centers that employ high-
resolution gamma-ray spectrometry to investigate decay schemes of radioisotopes. Given the plethora of isctopes,
opportunities continue to arise in exploring the details of the decay schemes. Improved energy resolution allows
additional lines to be found in spectra. Occasionally, a doublel is discovered, whereas earlier measurements with Nal(Tl)
detectors indicated only a single energy line.

High-Purity Germanium (HPGe) detectors are also extensively used to detect and monitor radioactivity in the
environment, and to detect coniraband radioisotopes and fissicnable material. It is the excellent energy resolution of the
HPGe detector that enables ultra-low detection limits in these applications.
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Decay schemes for isotopes are included in refs. 10 and 12. More recent information on certain nuclei can be found in
ORTEC’s Nuclide Navigator Master Library software package (Model C53-B32). An up-to-date on-line resource for such

information is sponsored by:

National Nuclear Data Center
Building 197D

Brookhaven National Laboratory
Upton, NY 11973-5000

Phone: (631) 344-2902

Fax: (631) 344-2806

Email: nndc@bnl.gov

Internet: hitp://www.nnde.bnl.gov

In Experiment 3, gamma-ray spectroscopy with Nal{Tl) detectors was

studied. The typical energy resolution that can be obtained with Nal(Ti) is
circa 7% for the 0.662 MeV *"Cs gamma-ray line. For Nal(TI) detectors, the

resolution is a strong function of energy. The resolution is primarily
controlled by the statistical fluctuation of the number of photoelectrons

produced at the photocathode surface in the photomultiplier tube. Table 7.1
illustrates some typical resolutions for a Nal(Tl) detector as a function of the
gamma-ray energy. Note that it is conventional to express the resolution in

percent for Nal(Tl} detectors.

% Resolution (FWHM) = %x 100% =~ KX 100% (

vE

Where
E is the energy of the peak,

BE is the FWHM of the peak in energy units, and

k is a proportionality constant characteristic of
the particular detector.

The development of germanium detectors in
the late 1960s completely revolutionized
gamma spectroscopy. Fig. 7.1 illustrates the
striking contrast in results obtained with the
two commeon types of gamma-ray detectors.
Compared to Nal(Tl), there is a factor of 30
improvement in the full-width at half-maximum
(FWHM) resolution. As a result of this
improved resolution, many nuclear energy
levels that could not be resolved with Nal(TJ)
detectors are easily identified by using HPGe
detectors.

Concurrently, the development of fithium-
drifted silicon detectors [Si(Li)] with drastically-
improved energy resolution revolutionized
x-ray spectrometry. These Si(Li) devices are
studied in Experiment 8,

The purpose of this experiment is fo explore
some of the properties of HPGe detector
systems. This experiment deals only with the

Table 7.1. Typical Resolutions of a Na(Tl)
Detector for Various Gamma-Ray Energies.
Isotope | Gamma Energy (keV) |Resolution (%)
“Ho 81 16.19
Lu 113 13.5
=Tg 159 11.5
Ly 208 10.9
Hg 279 10.14
“Cr 320 9.89
Ay 41 9.21
Be 478 8.62
*Cs 662 7.7
SMn 835 7.26
27Bj 1067 6.56
®Zn 1114 6.29
1) ZNg 1277 6.07
=Y 1850 5.45
The information for this table was taken from (RE
Trans. Nucl. Sci. NS-3(4), 57 (Nov. 19586). “Instrinsic
Scintillator Resolution,” by G. G. Kelley ef al., quoting
results from F. K. McGowan, et.al.
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Fig. 7.1. A Portion of a ®*Co Spectrum, lllustrating the Energy Resolutions and
Peak-to-Compton Ratios for a Coaxial HPGe Detecior Compared to a Nal(Tl}

Detector.
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practical aspects of making measurements with these detectors. To
understand the properties of these detector systems, the following brief
review of gamma-ray interactions and pair-production processes is
inciuded.

Gamma-Ray interactions in HPGe Detectors

ig. 7.2 shows graphs for the three important gamma-ray interactions in
both germanium and silicon. The absorption cross sections for germanium
are of interest in this experiment. The corresponding values for silicon will
be used in Experiment 8.

When a gamma-ray photon enters a detector, it must produce a recoil
electron by one of three processes before it is recorded as an event: (1)
the photoelectric effect, (2) the Compton effect, or (3) pair production.

In the photoelectric process, the gamma-ray or x-ray photon transfers all
of its energy to an electron in the detector. Consequently, the photon
vanishes. The recoiling electron loses energy by causing ionization of the
detector material, resulting in a trail of electron-hole pairs. The bias voltage
applied across the detector sweeps the electrons and holes to opposite
electrodes, where the charge is collected to form the preamplifier pulse.
For the photoelectric process, the tfotal charge in the output pulse from the
detector is proporticnal to the energy of the gamma-ray or x-ray that
produced the interaction. These events will show up as full-energy
photapeaks in the spectrum,

In the Compton process, the photon is scattered from an electron that is
essentially not bound to an atom. Because the scattering angle can vary
from 0 to 180 degrees, there is a range of energies that can be transferred

Absorption Crosa Sectlon (Barns/Atom)

102

Fig. 7.2. Relative Probability (Cross Sections in

10-1

02T

— Germanium
— — — Shison

10t

100

I\\I 11

102 108
Photon Energy {(keV)

Barns/Atom) for Each of the Three Types of
Gamma-Ray Interactions in Ge and Sias a
Eunction of Energy.

from the photon to the recoiling electron. The scattered photon survives

and carries off the remainder of the energy. 1t is the recoiling electron that loses energy by ionizing the detector material.
Consequently, the charge collected from the detector will yield a disfribution of pulse amplitudes at the preamplifier
output up to some maximum pulse height. This maximum pulse height corresponds to the Compton edge in the energy
spectrum, as explained in Experiment 3. There is a statistical probability that each Compton scattering event has an
approximately equal chance to produce a pulse with any height up to this maximum. Thus, Compton events will provide
a well-distributed low-energy continuum in the spectrum,

In large detectors with high peak-to-Compton ratios, some Compton events also contribute 1o the full-energy peak, when
the scattered photons undergo one or more additional interactions, and finally terminate in compiete abscrption by the
photoelectric interaction.

The pair-production process can also provide a total absorption of the gamma-ray energy. The gamma-ray photon
enters the detector and creates an electron-positron pair. All the energy of the initial photon is transferred to the electran-
positron pair. Consequently, the initial photon disappears in the process. From the law of conservation of mass and
energy, it follows that the initial gamma-ray must have an energy of at least 1.022 MeV, because it takes that much
energy to create both the negative and positive electrons. The net mass that is produced is two electron masses, and
this satisfies the law of conversion of energy, E, into mass, m, i.e., E = m¢?. If the initial photon has an energy in excess
of 1.022 MeV, that excess energy is transferred into the recoil energies of the positron and electron. Both the positron
and the electron lose energy by causing ionization of the atoms in the detector. Once the positron is moving slowly
enough, it can be captured by a free electron, and the two can combine. In this annihilation of the positron with an
electron, both particles disappear, and their rest mass energies are converted into two photons travelling in opposite
directions, with each photon having an energy of 511 keV. Note that the sum of the energies of these two annihilation
gamma rays is 1.022 MeV.
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The optional experiment 7.4 explores this process of positron annihitation when the
positron is obtained from $+ decay of a Na radicactive source.

Fig. 7.3 illustrates what happens in the detector in the pair-production process. In Ingident Gamma y
o W Wa

Fig. 7.3 the e (ordinary electron) will produce a pulse whose magnitude is
proportional to the energy of e, i.e., Es. The positron, e*, will produce a pulse
proportional to its energy, E- . Since these two pulses are produced simultaneously,
the output pulse from the detector would be the sum of the two pulses. When the
positron annihitates in the detector, the annihilation radiation y1 and ys, will be
produced. In Fig. 7.3, both y; and y2 are shown escaping from the boundaries of
the detector without making any further interactions. (Note: Ey1= Eyz = 0.511 MeV).

¥, =71, = 0511 MeV

Go Detector

T
Y

Fig. 7.3. The Process of Pair
Production in a Ge Detector.

Thus, in this example, an energy of exactly 1.022 MeV escapes from

the detector, and is subtracted from the total energy that entered the 140 MeY 2611 Mev
detector. It is possible for only one, either y¢ or y», to make a E|  Double Escape Full Energy Peak
photoelectric interaction in the detector while the other escapes. In 5

such cases, the total energy absorbed is 0.511 MeV less than the E .

original incident gamma-ray energy. It is also possible for both g Single Escape

gammas to make photoelectric interactions without escaping, with all

the original energy being left in the detector. Therefore, in the L
spectrum being measured, there will be three peaks for each incident por——"

gamma-ray having an energy well in excess of 1.022 MeV. These Fig. 7.4. Typical Spectrum for an Incident Gamma-Ray
peaks, labeled Full-Energy Peak, Single-Escape Peak, and Double- Energy of 2.511 MeV, Showing the Full-Energy, Single-
Escape Peak, will be separated by 0.511 MeV increments. Fig. 7.4 Escape, and Double-Escape Peaks.

shows a typical spectrum that would be obtained for an incident

gamma-ray energy of 2.511 MeV. The lower end of the spectrum that shows the
Compton distribution has not been included. The Single-Escape Peak occurs at
2.00 MeV (E, — 0.511 MeV), and the Double-Escape Peak occurs at 1.49 MeV

{(Ey — 1.022 MeV). Of course, the full-energy peak represents those events for which
there was a combination of pair production and photoelectric effect in which all the
energy was absorbed in the detector.

Now refer again to Fig. 7.2, and specifically to the curves for the interaction in
germanium. The absorption cross section, plotted in the y direction, is a measure of the
relative probability that an interaction will occur in a thin slab of the germanium detector.
These probabilities of relative interactions, for the most part, determine the shape of the
observed specirum. For example, a photon with an energy of 100 keV has an absorption
cross section of approximately 55 bams/atom for the photoelectric process. The
cotresponding Compten cross section is about 18 barns/atom. There is no pair
production. These two cross sections are in the approximate ratio of

Photopeak Sum = £, = 3000 ‘
Comptom Sum = I, = 1000

Counta/Channal

S N

Channet

Fig. 7.5. A Typical Spectrum
Expected for a 100 keV Photon in

a Thin HPGe Detector.

3:1, at 100 keV, implying that there are 3 times as many

photoelectric interactions as Compton interactions. Fig. 7.5 shows

the shape of a spectrum that could be expected for measurement of | _ Xz, =1000

the 100 keV energy events. E X, =90000 '
The shape of the specirum changes drastically from 100 keV to §

1 MeV. Fig. 7.6 shows the gamma spectrum that could be expected §

for the 1 MeV gammas incident on a thin HPGe detector. From Fig.

7.2, the ratio of Compton cross section to photoelectric cross section

is approximately 90; so, in Fig. 7.6, the sum of the counts in the J \
Compton distribution is % = 90,000 and the sum of the counts in the .76, ATvoical S °"“"“°|'Ex tod for a 1 MoV
photopeak is 2y = 1000 97 ohoton I a Thin HPGe Detector,
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The relative efiiciencies for HPGe and Si{Li) detectors can aiso be approximated from Fig. 7.2. For example, at

Ey = 400 keV the photoelectric cross section for germanium is 6 barns/atom, and that for silicon is approximately

0.1 barnfatom. This is a ratio of 60:1, and indicates that there will be 60 times as many counts under the photopeak for a
germanium detector as for a silicon detector at 400 keV, assuming that the detectors are the same size. This ratio of
detector efficiencies reflects the fact that the photoelectric cross section varies as Z¢, where Z is the atomic humber of
the absorbing material. The atomic number of Ge is 32 and for Si itis 14. The ratio of these two numbers raised to the
5th power is 62.2, which agrees remarkably well with the above cross-section ratios. Higher atomic numbers offer
greater photopeak efficiencies.

Fig. 7.2 shows that the cross-section for photoelectric absorption drops rapidly with increasing energy. From 300 keV to
3 MeV, the Compton-scattering cross-section dorninates. The higher the energy, the more deeply the gamma-ray can
penetrate the detector before it interacts with an electron. Consequently, the efficiency can be improved by increasing
the dimensions of the Ge detector along the original direction of the photon, and in directions perpendicular to the path
of the photon. According to the Beer-Lambert law for absorption (Experiments 2 and 3), a larger detector increases the
probability that the photon will interact in the detector. If the initial interaction is a Compton scattering, the larger detector
dimensions improve the chances that the scattered photon will be stopped by a photoelectric absorption before it leaves
the detector volume, placing the event in the full-energy peak. Consequently, a larger detector improves the ratio of
counts in the full-energy peak to the counts in the Compton continuum. This improves detection limits for weak peaks
that would be obscured by statistical fluctuations in the Compton continuum from higher-energy gamma rays.

Detector Structure _
L Diffused N* Contact (~0.7 mm thick}

Basically, a HPGe detector is a very large semiconductor diode, with a reverse r——“ '""'-—/ P-Type HPGo
bias voltage applied to its two electrodes to deplete virtually all free charge } £
carriers from the bulk of the detector. Small detectors can be obtained in the L~

planar geometry that is similar to the structure of the silicon charged-particle « 10mm
detectors studied in experiments 4, 5 and 6. Figure 7.7 illustrates the planar '__"{’"l_ 1mm
geometry. The detector is a cylinder of HPGe with electrodes applied to its two l
circular ends.

Significantly larger detectors benefit from using the coaxial geometry depicted in
Fig. 7.8. The P-type HPGe (GEM) is the type of detector used in this experiment. Fig. 7.7. The Structure of 2 16 mm
The detector is composed of a large cylinder of high-purity germanium. A hole is | _Di@meter, 10 mm Deep Planar Detactor.
drilled from one end, along the centerline of the cylinder. Cne electrode is

-3

4

lon-tmplanted Contatt (0.2 4 thick)  ~4.25 mm

applied to the outer surface of the cylinder and to the closed end. The other o700 4 Lithiym Diffused
electrode is applied to the inside surface of the central hole. The surface of the P-type HPGe
end from which the hole is drilled (open end} is passivated to reduce surface Radiafion

leakage currents between the two electrodes. The coaxial detector shape is

mounted in the end cap of the cryostat, with the cylindrical axis of the detector
diode aligned coaxially with the centerline of the end cap. The closed end of the 0.3 lon Implarited )
detector is located a few millimeters behind the circular surface of the end cap.

—————— —— -

The detector and the first amplifying stage of the preamplifier are operated near o __ D3uicnimpanied
the boiling temperature of liguid nitrogen (77°K) to reduce noise. Consequently, the Nelype HPGe \

detector and the first stage of the preamplifier are mounted in a vacuum cryostat. |
The cryostat establishes operation at the desired low temperature via a copper ) |
cooling rod dipped in the liquid nitrogen contained in the associated dewar. |
Operation at the cryegenic temperaiure dramaticaily reduces the leakage current ~700 p Lithium Diffused ,I
in the HPGe detector and also diminishes thermally generated noise in the FET [—m——————— -
inpl_Jt stage of the preamplifier. The pr.eamlp!iﬁer fegdchk capa(_:itor and feedback Fig. 7.8. Configurations of Coaxial
resistor are also cooled to reduce their noise contribution. As will be seen next, Germanium Detectors
decreasing these sources of noise improves the energy resolution.




Experiment 7
High-Resolution Gamma-Ray Spectroscopy

Energy Resolution
The energy resolution of a HPGe detector is described by equation (2).

AB = V (AEpuise)? + (AEian)? + (AE compiete)? (2a)
where
AE,, = 2.35vFE (2b)

AEiota) i5 the full width at half maximum amplitude (FWHM) of the gamma-ray peak at energy E in the spectrum. AEpgise
is the contribution from the noise caused by the detector leakage current and the preamplifier. It is most readily
measured as the FWHM of a pulser peak artificially introduced into the spectrum by injecting a pulser signal into the
input of the preamplifier. The noise contribution is independent of the gamma-ray energy. But, it does depend on the
shaping time constant of the spectroscopy amplifier. If the shaping time constant is too small or too large, the noise
contribution will be higher than the optimum. Check the detector data sheet for the optimum shaping time constant to
minimize the noise. The optimum will likely lie in the range of 3 to 6 microseconds.

AE;qn describes the variation in the number of electron-hole pairs generated as a result of ionization statistics. It depends
on the average energy required to create an electron-hale pair {i.e., € = 2.95 V), the energy of the gamma-ray, E, and
the Fano factor, F. Note that the same units of energy must be used throughout equation (2}. The Fano factor accounts
for the fact that the ionization process lies somewhere between completely independent random ionization events at one
extreme (F = 1)}, and an absolutely deterministic conversion of energy into electron-hole pairs at the other extrerne

(F = 0). For HPGe a Fano factor, F = 0.1, indicates the process is closer to the latter than the former condition.

AEincomplate @ccounts for the variation in the ability to collect all of the electron-hole pairs that are created by the
ionization process. Primarily, this applies to electron-hole pairs that recombine before they can be collected, or charge
carriers that fall into traps while drifting to their respective electrode. Additionally, there is potential for a ballistic deficit
effect when the shaping time constant is too small. For large coaxial HPGe detectors the charge collection time can vary
from 50 to 700 ns, depending on the position at which the charge was created. If the amplifier shaping time consiant is
not large compared to these collection times, the pulse height will show additional fluctuations caused by random
variations in the charge collection times. |f the incomplete charge collection term is ignored in equation (2}, spectral
resolution measurements may lead to an inflated value for the implied Fano factor.

Maximum Counting Rate Deduced from the Percent Dead Time

Because gamma rays arrive at the detector with random spacing in time, the width of the pulse from the amplifier limits
the counting rate that can be processed without distortion. Probably the most efficient way to ensure that the maximum
counting rate is not exceeded is to adjust the source-to-detector distance so that the percent dead time observed on the
Multichannel Analyzer is less than 63%. The dominant dead time in the gamma-ray spectrometer specified for this
experiment is a paralyzable (a.k.a., extending) dead time {ref. 11, 14 and 15). For a paralyzable dead time, the
maximum analyzed throughput is accomplished when the dead time is 63%. Operation at counting rates that yield
slightly less than 63% dead time will provide optimum performance.

Further Information on HPGe Detectors
Consult references 11, 13, 14 and 15 for further details on HPGe detectors.
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L INTERACTION OF GAMMA RAYS

Although a large number of possible interaction mechanisms are known for gamma rays
in matter, only three major types play an important role in radiation measurements: photo-
electric absorption, Compton scaitering, and pair production. All these processes lead fo the
partial or complete transfer of the gamma-ray photon energy to electron energy. They
result in sudden and abrupt changes in the gamma-ray photon history, in that the photon
either disappears entirely or is scattered through a significant angle. This behavior is in
marked contrast to the charped particles discussed earlier in this chapter, which slow down
gradually through continuous, simultaneous interactions with many absorber atoms. The
fundamentals of the gamma-ray interaction mechanisms are introduced here but are again
reviewed at the beginning of Chapter 10 in the context of their influence on the response
of gamma-ray detectors.
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A. Interaction Mechanisms
1. PHOTOELECTRIC ABSORPTION

In the photoelectric absorption process, a photon undergoes an interaction with an
absorber atom in which the photon completely disappears. In its place, an energetic photo-
electron is ejected by the atom from one of its bound shells. The interaction is with the atom
as a whole and cannot take place with free electrons. For gamma rays of sufficient energy,
the most probable origin of the photoelectron is the most tightly bound ot K shell of the
atom. The photoelectron appears with an energy given by

E,_=h—E, (2.15)

where E represents the binding energy of the photoelectron in its original shell. For
gamma-ray energies of more than a few hundred keV, the photoelectron carries off the
majority of the original photon energy.

In addition to the photoelectron, the interaction also creates an ionized absorber atom
with a vacancy in one of its bound shells. This vacancy is quickly filled through capture of
a free electron from the medium and/or rearrangement of electrons from other shells of
the atom. Therefore, one or more characteristic X-ray photons may also be generated.
Although in most cases these X-rays are reabsorbed close to the original site through
photoelectric absorption involving lfess tightly bound shells, their migration and possible
escape from radiation detectors can influence their response (see Chapter 10). In some
fraction of the cases, the emission of an Auger electron may substitute for the characteris-
tic X-ray in carrying away the atomic excitation energy.

As an example of the complexity of these interactions, consider incident photons with
energy above 30 keV that undergo photoelectric absorption in xenon. About 86% interact
through K-shell absorptions in the xenon atom.28 Of these, 87.5% result in X-shell character-
istic {or “fluorescent™) X-rays (a mixture of K-o and K-B) and 12.5% de-excite through the
emission of Auger ¢lectrons. The remaining 14% of the incident photons that do rot undergo
K-shell interactions are absorbed through photoelectric interaction with the L or M shells.
These result in much lower energy characteristic X-rays or Auger electrons that are very short
range and, to first approximation, are reabsorbed very near the site of the original interaction.
Another example of such a “cascade sequence” is shown in Chapter 10 as Fig. 10.20.

The photoelectric process is the predominant mode of interaction for gamma rays (or
X-rays) of relatively low energy. The process is also enhanced for absorber materials of
high atomic number Z. No single analytic expression is valid for the probability of photo-
electric absorption per atom over all ranges of E, and Z, but a rough approximation is

Z n
T = constant X 33 (2.16)
£y
where the exponent # varies between 4 and 5 over the gamma-ray energy region of interest.!
This severe dependence of the photoelectric absorption probability on the atomic number
of the absorber is a primary reason for the preponderance of high-Z materials (such as
lead) in gamma-ray shields As further detailed in Chapter 10, many detectors used for
gamma-ray spectroscopy are chosen from high-Z constituents for the same reason.

A plot of the photoelectric absorption cross section for a popular gamma-ray detection
material, sodium iodide, is shown in Fig. 2.18. In the low-energy region, discontinuities in
the curve or “absorption edges” appear at gamima-ray energies that correspond to the bind-
ing energies of electrons in the various shells of the absorber atom. The edge lying highest
in energy therefore corresponds to the binding energy of the K-shell electron. For gamma-
ray energies slightly above the edge, the photon energy is just sufficient to undergo a
photoelectric interaction in which a K-electron is ejected from the atom. For gamma-ray
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Figure 2.18 Energy dependence of the various gamma-ray interaction processes in
sodium iodide. (From The Atomic Nucleus by R. D. Evans. Copyright 1955 by the
McGraw-Hill Book Company. Used with permission.)

energies slightly below the edge, this process is no longer energetically possible and there-
fore the interaction probability drops abruptly. Similar absorption edges occur at lower
energies for the L, M, . . . electron shells of the atom.

2. COMPTON SCATTERING

The interaction process of Compton scattering takes place between the incident gamma-
ray photon and an electron in the absorbing material. It is most often the predominant
interaction mechanism for gamma-ray energies typical of radioisotope sources.

In Compton scattering, the incoming gamma-ray photon is deflected through an angle
0 with respect to its original direction. The photon transfers a portion of its energy to the
electron (assumed to be imnitially at rest), which is then known as a recoil electron. Because
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all angles of scattering are possible, the energy transferred to the electron can vary from
zero to a large fraction of the gamma-ray energy.

The expression that relates the energy transfer and the scattering angle for any given
interaction can simply be derived by writing simultaneous equations for the conservation
of energy and momentum. Using the symbols defined in the sketch below

Recoil
Incident photon electro
tenergy = Av) @

P
4

Scattered photon
{energy = Av')

we can show! that

hv' = hv (2.17)

hv
1+ (1 —cos 6)

myc?

where myc? is the rest-mass energy of the electron (0.511 MeV). For small scattering
angles 8, very little energy is transferred. Some of the original energy is always retained by
the incident photon, even in the extreme of § = & Equations (10.3) through (10.6) describe
some properties of the energy transfer for limiting cases. A plot of the scaitered photon
energy predicted from Eq. (2.17) is also shown in Fig. 10.7.F

The probability of Compton scattering per atom of the absorber depends on the num-
ber of electrons available as scattering targets and therefore increases linearly with Z. The
dependence on gamma-ray energy is itlustrated in Fig. 2.18 for the case of sodium iodide
and generally falls off gradually with increasing energy.

The angular distribution of scattered gamma rays is predicted by the Klein-Nishina
formula for the differential scatiering cross section do/d(}:

__diizz 1 2 {1+ cos? L4 012(1—('«059)2 218
dn j”0(1-1—0{(1(:086) 2 ) (1 + cos? 9)[1 + a(1 — cos 6)] 19

where a = Ay /m0c2 and ry, is the classical ¢lectron radius. The distribution is shown graph-
ically in Fig. 2.19 and illustrates the strong tendency for forward scattering at high values
of the pamma-ray energy.

3. PAIR PRODUCTION

If the gamma-ray energy exceeds twice the rest-mass energy of an electron (1.02 MeV), the
process of pair production is energetically possible. As a practical matter, the probability of
this interaction remains very low until the gamma-ray energy approaches several MeV and
therefore pair production is predominantly confined to high-energy gamma rays. In the
interaction (which must take place in the coulomb field of a nucleus), the gamma-ray pho-
ton disappears and is replaced by an electron-positron pair. All the excess energy catried
in by the photon above the 1.02 MeV required to create the pair goes into kinetic energy
shared by the positron and the electron. Because the positron will subsequently annihilate

tThe simple analysis hete neglects the atomic binding of the electron and assumes that the gamma-ray photon
interacts with a free electron. If the small binding energy is taken into account, the unique energy of the scattered
photon at a fixed angle predicted by Eq. 2.17 is spread into a narrow distribution centered about that energy (see
Fig. 13.9).
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Figare 2.19 A polar plot of the number of photons (ircident from the left)
Compton scaitered into a unit solid angle at the scattering angle 8. The curves
are shown for the indicated initial energies.

after slowing down in the absorbing medium, two annihilation photons are normally
produced as secondary products of the interaction. The subsequent fate of this annihilation
radiation has an important effect on the response of gamma-ray detectors, as described in
Chapter 10.

No simple expression exists for the probability of pair production per nucleus, but its
magnitude varies approximately as the square of the absorber atomic number.! The impor-
tance of pair production rises sharply with energy, as indicated in Fig. 2.18.

The relative importance of the three processes described above for different absorber
materials and gamma-ray energies is conveniently illustrated in Fig. 2.20. The line at the left
represents the energy at which photoelectric absorption and Compton scattering are
equally probable as a function of the absorber atomic number. The line at the right repre-
sents the energy at which Compton scattering and pair production are equally probable.
Three areas are thus defined on the plot within which photoelectric absorption, Compton
scattering, and pair production each predominate.
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Figure 2.20 The relative importance of the three major types of gamma-ray inter-
action. The lines show the values of Z and hv for which the two neighboring effects
are just equal. (From The Atomic Nucleus by R. D. Evans. Copyright 1955 by the
McGraw-Hill Book Company. Used with permission.}
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4. COHERENT SCATTERING

In addition to Compton scattering, another type of scattering can occur in which the gamma-
ray photon interacts coherently with all the electrons of an absorber atom. This coherent scat-
tering or Rayleigh scattering process! neither excites nor ionizes the atom, and the gamma-
ray photon retains its original energy after the scattering event. Because virtually no energy
Is transferred, this process is often neglected in basic discussions of gamma-ray interactions,
and we will also ignore it im the discussions that follow. However, the direction of the photon
is changed in coherent scattering, and complete models of gamma-ray transport must take it
into account. The probability of coherent scattering is significant only for low photon ener-
gies (typically below a few hundred keV for common materials) and is most prominent in
high-Z absorbers. The average deflection angle decreases with increasing energy, further
restricting the practical impertance of coherent scattering to low energies.

B. Gamma-Ray Attenuation _
I, ATTENUATION COEFFICIENTS

If we again picture a transmission experiment as in Fig. 2.21, where monoenergetic gamma
rays are collimated into a narrow beam and allowed to strike a detector after passing
through an absorber of variable thickness, the result should be simple exponential attenu-
ation of the gamma rays as also shown in Fig. 2.21. Each of the interaction processes
removes the gamma-ray photon from the beam either by absorption or by scattering away
from the detector direction and can be characterized by a fixed probability of occurrence
per unit path length in the absorber. The sum of these probabilities is simply the probabil-
ity per unit path length that the gamma-ray photon is removed from the beam:

p = 7(photoelectric) + o (Compton) + k(pair) ' (2.19)

and is called the linear attenuation coefficient. The number of transmitted photons [ is then
given in terms of the number without an absorber [, as

I

Zp
The gamma-ray photons can also be characterized by their mean free path A, defined as the
average distance traveled in the absorber before an interaction takes place. Its value can

be obtained from %
J xe P dx
o 1
A= e = — {(2.21)
13
e dx
I
—~] By
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o Det
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Figure 221 The exponential transmission curve for gamma rays measured
under “good geometry” conditions.
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and is simply the reciprocal of the linear attenuation coefficient. Typical values of X range
from a few mm to tens of cm in solids for common gamma-ray energies.

Use of the linear attenuation coefficient is limited by the fact that it varies with the
density of the absorber, even though the absorber material is the same. Therefore, the mass
attenuation coefficient is much more widely used and is defined as

. - B
mass attenuation coefficient = — (2.22)
p
where p represents the density of the medium. For a given gamma-ray energy, the mass
attenuation coefficient does not change with the physical state of a given absorber. For
example, it is the same for water whether present in liquid or vapor form. The mass atten-
uation coefficient of a compound or mixture of elements can be calculated from

(f-3-6]

where the w; factors represent the weight fraction of element ; in the compound or mixture.
2. ABSORBER MASS THICKNESS

In terms of the mass attenuation coefficient, the attenuation law for gamma rays now takes
the form

L ot (2.24)
Iy
The product pt, known as the mass thickness of the absorber, is now the significant param-
eter that determines its degree of attenuation. Units of mass thickness have historically
been mg /cmz, and this convention is retained in this text. The thickness of absorbers used
in radiation measurements is therefore often measured in mass thickness rather than phys-
ical thickness, because it is a more fundamental physical quantity.

The mass thickness is also a useful concept when discussing the energy loss of charged
particles and fast electrons. For absorber materials with similar neutron /proton ratios, a
particle will encounter about the same number of electrons passing through absorbers of
equal mass thickness. Therefore, the stopping power and range, when expressed in units of
pt, are roughly the same for materials that do not differ greatly in Z.

3. BUILDUP

The gamma-ray attenuation experiment of Fig. 2.21, in which the gamma rays are colli-
mated to a narrow beam before striking the absorber, is sometimes characterized as a “nar-
row beam” or “good geometry” measurement. The essential characteristic is that only
gamma rays from the source that escape interaction in the absorber can be counted by the
detector. Real measurements are often carried out under different circumstances {as
sketched below) in which the severe collimation of the gamma rays is absent.

Direct e
~ Detector

L/~ Scattered
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Now the detector can respond either to gamma rays directly from the source, to
gamma rays that reach the detector after having scattered in the absorber, or to other types
of secondary photon radiation. Many types of detectors will be unable to distinguish
between these possibilities, so that the measured detector signal will be larger than that
recorded under equivalent “good geometry” conditions. The conditions that lead to the
simple exponential attenuation of Eq. (2.20) are therefore violated in this “broad beam” or
“bad geomeliry” measurement because of the additional contribution of the secondary
gamuma rays. This situation is usually handled by replacing Eq. (2.20) by the following:

i

I_o = B(, E )e™™ {2.25)
where the factor B(s, E,) is called the buildup factor. The exponential term is retained to
describe the major variation of the gamma-ray counting rate with absorber thickness, and
the buildup factor is introduced as a simple multiplicative correction. The magnitude of the
buildup factor depends on the type of gamma-ray detector used, because this will affect the
relative weight given to the direct and secondary gamma rays. (With a detector that
responds only to the direct gamma rays, the buildup factor is unity.} The buildup also
depends on the specific geometry of the experiment. As a rough rule of thumb, the buildup
factor for thick slab absorbers tends to be about equal to the thickness of the absorber
measured in units of mean free path of the incident gamma rays, provided the detector
responds to a broad range of gamma-ray energies.

IV. INTERACTION OF NEUTRONS

A, General Properties

In common with gamma rays, neutrons carry no charge and therefore cannot interact in
matter by means of the coulomb force, which dominates the energy loss mechanisms for
charged particles and electrons. Neutrons can also travel through many centimeters of mat-
ter without any type of interaction and thus can be totally invisible to a detector of com-
mon size. When 2 neutron does undergo interaction, it is with a nucleus of the absorbing
material. As a result of the interaction, the neutron may either totally disappear and be
replaced by one or more secondary radiations, or else the energy or direction of the neu-
tron is changed significantly.

In contrast to gamma rays, the secondary radiations resulting from neutron interac-
tions are almost always heavy charged particles. These particles may be produced either as
a result of neutron-induced nuclear reactions or they may be the nuclei of the absorbing
material itself, which have gained energy as a result of neutron collisions. Most neutron
detectors utilize some type of conversion of the incident neutron into secondary charged
patticles, which can then be detected directly. Specific examples of the most usefui conver-
sion processes are detailed in Chapters 14 and 15.

The relative probabilities of the various types of neutron interactions change dramat-
ically with neutron energy. In somewhat of an oversimplification, we will divide neutrons
into two categories on the basis of their energy, either “fast neutrons” or “slow neutrons,”
and discuss their interaction properties separately. The dividing line will be at about 0.5 &V,
or about the energy of the abrupt drop in absorption cross section .in cadmium {the
cadmium cutoff energy).



